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ABSTRACT

Rydberg states of atoms have intrinsic properties that should allow their

use as highly sensitive and tunable detectors at far infrared wavelengths.

The intrinsic limit of such atomic detectors are collisional processes. This

report describes the results of a research program to better understand an

important class of collisions--namely, the resonant collison of two Rydherg

atoms. We have extensively measured the linewidths and the collision cross

sections and have determined their dependence on parameters such as the prin-

cipal quantum number and the Rydberg state angular momentum. The resonant

collisions are shown to occur for a wide variety of initial states with cross

sections of the order of l0
9 A2 and scaling as (n*b). -
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I INTRODUCTION"

This report summarizes the results of a research program to study colli-

sion processes of Rydberg atoms relevant to their use as an infrared detec-

tor. The work was performed under Contract N00014-79-C-0202 over the last

three years. The objective has been to systematically investigate the reso-

nant collisions between highly excited states of sodium. The motivation for

undertaking these studies has been to study collisional processes that would

limit or interfere with the use of Rydberg states as sensitive and selective

detectors of far infrared (FIR) and millimeter wave radiation.

The basic idea of using the Rydberg atoms as a highly sensitive, narrow

bandwidth, large acceptance angle tunable detector at FIR wavelengths is as

follows. Using a resonant laser excitation scheme, it is possible to excite

enough atoms to a Rydberg state A so that it is optically thick to the far

infrared (FIR) or millimeter radiation connecting state A to a higher

state B. Thus an incoming FIR photon at frequency VAB will he absorbed by

one of the atoms in the sample and concomittantly make a transition to

state B. The atomic transition can be easily detected by selective field

ionization (SFT) of the atom in the B state. The intrinsic limit of such an

atomic detector is due to collisional processes that lead to the same result--

that is, excitation of the atom to state B or its ionization.

The results of this research program to provide understanding of the

collisional effects of the Rydberg atoms with each other. In particular, we

have extensively studied the resonant collisions between two excited atoms,

under a variety of different initial states and conditions. Although the

resonant collisions are by no means the only collisional mechanism that limits

the performance of atomic FIR detectors, they constitute an important colli-

sional channel.

In this report we review the physics of resonant collisions, then outline

the laser excitation scheme and the SF1 detection method on which this w4ork is

based, and finally, descrihe the research accomplishments. The papers result-

Ing from this contract are listed in the Appendix.
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II RESONANT COLLISIONP

A. Resonant Collision of Rvdberg Atoms

Resonant collisional energy transferis a process that has been of

interest for some time. In this process, atom (or molecule) A loses as much

internal energy as its collision partner atom (or molecule) B gains. Although

this subject has been studied theoretically in some detail, both for atomic

1-3and molecular collisions, the experimental exploration of resonant

collisions has been hindered by the necessity of finding chance coincidences

in the separations of the energy levels of the collision partners. Tn spite

of this obstacle, considerable insight has been gained into the nature of

resonant collisions using the available coincidences.4 ,5

Atomic Rydberg states are well suited for such studies for two reasons.

First, for many collision processes they have large cross sections, which

should allow the long interaction time necessary to produce sharn collisional

resonances. Second, the energy spacings of Rydberg states may be varied in a .-

systematic fashion. The most apparent approach is to vary the energy spacings

by studying a progression of n or 1 states, where n and 1 are the principal

and orbital angular momentum quantum numbers. Variation of n has already been

used to study resonant electronic-to-vibrational energy transfer from Rydberg

states of Na to 084 and rp4 ,
6 and electronic-to-rotational energy transfer

mRydberg stats of Xe to N 3 . The widths of the resonances in these col-

lision cross sections are 50 and 6 cm- I , respectively, although the exact

widths are somewhat uncertain due to the comb-like nature of the energy sna-

cing. In both these cases, at resonance the cross sections are smaller than

the geometic size of the excited atom, and the dominant Interactions in these

collisions is thought to be the quasi-free electron scattering.

Because Rydberg atoms have large dipole moments, their energies are

easily shifted by the application of very modest electric fields, thus allo ,-

ing the study of resonant collisions with continuous tuning. This report de-

scribes experiments in which the electric field tuning of the Na Rydherg

process:
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(ns) + (ns) (rip) + [(n-1) p]

Sharp resonances representing large transfers of population to the no and

(n-l)p states from the initially excited ns states are observed at certain

values of the static electric field. These sharp resonances occur when the

laser-excited ns state lies midway between an upper np and lower (n-l)p

state, 8,9 causing the process (ns) + (ns) + [(n-1)pl + (no) to proceed PF

resonantly because the energy lost by one Na(ns) atoms exactly equals the

energy gained by the other coltiding Na(ns) atom. The energy level diagram

for the 16p-17s-17p states in a static electric field is shown in Figure 1.

The vertical lines in Figure 1 indicate the four-field values where collision-

al transfer occurs.

This report also describes the result of our effort to generalize and ex-

tend the capability of the electric-field-tuned resonant collisional energy

transfer to include Rydberg states other than the s and p states of Na. The

relative size of the resonant-collision cross sections for the different ini-

tial and final states is also an important check on the dipole-dipole interaction

model for these collisions. Specifically, we observe electric-field-tuned re-
sonant collisions of the type (ns) + (ns) + (np) + (nl) or

(ns) + (np) + (nl) + [(n-l)p], where one of the final states is a nl state

(I > 2). Although 1 is not a good quantum number in an electric field, it

still serves as a convenient and unique way to label states (see below). We

have also observed a large enhancement in the cross section at relatively low

field (approximately 17 V/cm) for the process (15d) + (15d) + (16f) + (15n),

in which a collision between two Na(15d) atoms results in one atom being

excited to a 16f state and the other deexcited to a 15p state. We finA that

both the cross sections and the linewidths of these resonant processes are

comparable in magnitude to the process (ns) + (ns) + [(n-l)p] + (np).

Cross sections -103 times greater than the geometric cross sections of

the atoms with resonance widths of -40.03 cm-  are observed. Both of these

striking features are consequences of the large dinole moments of the Pydberp

atoms, which allow an efficient long range resonant dipole-dipole interac-

tion. Such an interaction, termed a "rotational resonance" by Anderson, 2 has

been observed, although not systematically, in molecular resonant rotational

energy transfer.
4
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FIGURE 1 ENERGY-LEVEL DIAGRAM FOR THE 16p-17s-17p STATES
IN A STATIC ELECTRIC FIELD

The vertical lines are drawn at the four fields where the s state is ,

midway between the two p states and the iesonance collisional

transfer occurs.
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R. Theory of Resonant Collisions

The theory of resonant collisions, as it applies to the experiments

described in this report, is best understood by referring to a concrete

example. We consider the collisional process for Na, ns + ns + np + (n-l)p,

and generalize the results to other cases when aonropriate. Consider two

two-level atoms, I and 2, one in its upper and one in its lower state, as

shown in Figure 2. The transition matrix elements for the two atoms at an -,

identical transition frequency w are U, and u2 , respectively. One of the

atoms is assumed to be stationary at the origin and the other, passing the

first atom with an impact parameter b at x 0, is moving in the x direction,

perpendicular to the page, with velocity v. We assume that the second aton

travels In a straight line and is not deflected by the collision. In addi-

tion, we assume that there is a static electric field in the % direction.

This choice of axes matches our experimental configuration. We construct the

product states

A= i1ns 42 ns (la)

OR= P1nn b2( n-l)p

where ns describes a Stark state wavefunction that is adiabatically connected

to the corresponding zero field n,t coulomb wavefunction. The total wavefunc-

tion for the system may be written as

$'A CAM) + (

where all the time dependence is in the coeFficients CA(t) and C(t). The

energies of the two states A and R at r - 0% where r is the internuclear se-

oaration, are given by

WA =W + 1ns- 0 (3a)

and

R= 1'np + '(n-l)p (3b)

.* 7_7.
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FIGURE 2 GEOMETRY OF THE COLLISION OF TWO ATOMS

Atom I is at rest at the origin, Atom 2 is moving in the
x-direction, perpendicular to the paper, with velocity v
and impact parameter b.
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which we take to be the eigenvalues of the unperturbed Hamiltonian 11 of two

noninteracting (infinitely separated) atoms In the static electric field. ror

finite internuclear separations, the states A and B are coupled by the

dipole-dipole interaction

<Ar ( ) ( " r)

r r

Here r is the vector between the two atoms.

The interaction matrix elements may be simplified by taking the PMS value

of Equation (4) over the angle 0 in Figure 2. The resonances are laheled by

the IMel values of final lower and upper p states. Thus, for the (0,0)

transition

<nsf !u fnn><nsj ' 2 In-lp>

<*AIv!*B> -- 3 ' (5)

which is the product of the two dipole matrix elements divided by r3. Similar

expressions are obtained for the other resonances.

Inserting the wavefunction of rquation (2) and the Hamiltonian Ho +

yields the pair of equations, which for V real and WA = 0 may be written as a

single equation

iE ~ + v2 C + 111 C6A A V A + A (6)

V is nearly zero everywhere except where r = , where it reaches a maximum.

Inspection of a graph of V versus x suggests the approximation

V =_ for - x < (7)
h3

V = 0 elsewhere.

tere x =<nstulnp>nsu 2 !(n-l),p>. This makes the V/V term n and suggests

choosing the time origin so that the interaction time is 0 < t < b/v. Thus

the problem is reduced to precisely the magnetic resonance problem described

by Ramsey.1 O

7
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Initially both atoms are in the s state; thus, CA(O) 1 and rg(O) - 0.

With these initial conditions, for 0 < t < b/v, CA and (R are piven by

CA(t) (cos (2 -2 S s i 2,(8)

and~~~iW B t '''.

where a (W (B 2+ rX/6-i.Th rbaiiy ffidn the atoms in(the

two p states is given by CB2(b/v). Thus we may write the probability as

2 2 = ×/ 6 sin v N2 (10)
"" W2 + 4x2/b 6  b6 .:

For P = 1 at resonance (WB = 0), this defines an impact parameter bo

b 0°2  2-x"~
= 2X/wv (11)

* The cross section is given by

a = f 2rbP(b)db (12)
0

" Taking P 1/2 for b < ho to approximate the rapid oscillations and numerical-

. ly integrating Equation (12) for b > bo, we find

2 "
2 = .3h 2 (13)0

- From Fquations (10) and (11) it is apparent that the width of the resonances

Is given by

33 1/2 (14
A(FWIWM) = 3 h 21 (

h o
0

To evaluate the cross sections and collision widths, we must use the

actual values of the average collison velocity = 1.6 x 10 and dipole

moments 01 = P2 - 0.60 n 2 . Here n*2 is the effective quantium number of the

ns state of binding energy W = -1/2n* 2 . Using our results, Eqiiations (11) and

(14), these values lead to cross sections and widths (FWITM) given by

8°°°
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a 1.03 x 104 n*4  (15)

and

A 2.64 x ()- 5 n*-2 (16)

In laboratory units

a f 2.90 x 103 n*4 A2 (17)

and

A 1.74 x 102 n* 2 GHz (18)

C. Resonant Collisions of ns, nD, and nf States

The energy level diagram of two colliding atoms (which need not even be

of similar species) is shown in Figure 3. The relevant energy levels are 11A>

and 12A> for atom A and lIB> and 12B> for atom B. The pair of states 11A> and

12A> are, in principle, any pair for which <2AIuIIA> # 0, where U is the
electric-dipole-moment operator; this applies similarly to JIB> and 1M>.

An additional requirement for the resonant-collision process, in fact the

most basic requirement, is that the condition WIA - "2A - W2B - WIF be

satisfied at some value of the electric field. Figure 4 shows one of the

several pairs of states for which these two basic requirements for resonant

collisions is satisfied. For instance, as shown in Figure 4, we consider the

pair of states tlA>ffiR>=20s, 12A>fl9p (tmj=O), and J2R>-(nfl9, C-18). -o

simnlify the notation the manifold of Stark states shown in "igure 4 (solid

lines) near 19d (long-dashed line above the 20s state) is labeled by the n,t

quantum numbers. Althotigh Z is no longer a good quantum number in the ore-

sence of a static electric field, the linear Stark states are adiabatically

connected to the zero-field nil states in a unique way. For instance, the

Stark state with the lowest (highest) energy in the manifold is adiabatically

connected to the zero-field state with the lowest (highest) t. Similarly,

states that fall between the two extreme members of the manifold are adiabati-

cally connected to the zero-field states with intermediate values of t. The

9
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state with the highest energy in the n=19 manifold is therefore labelled

n - 19,1 - 18. In the above example Ul - <19pju12Os> Z 200 a.u. is quite

large. Although the dipole matrix element u2 connecting ?Os to the n - 19,f - 18,

ImI 0 state of the Stark manifold is zero in zero field (dipole selection
rule), it can be quite large when a relatively low electric field is applied. For

instance, calculations show that 02 - 80 a.u. at E - 300 V/cm due to the Stark

mixing. Calculations of the Stark shift show that the resonance condition for the

process (20s) + (20s) + (1 9p) + (n-19,1-18) is satisfied at E - 268 V/cm. Pere

Iml - 0 for both the final states. Using the calculated value of )j,) RO a.u. (at

268 V/cm) and 200 a.u., we obtain a 109 A2 . This cross section is

comparable to the cross section for the process (20s) + (20s) + (19 p) + 20 p) and

is easily observed. Similar calculations for the general process

(20s) + (20s) + (19p) + nfl9,l) or (20s) + (20s) + (20p) + (n=18,l) show that

the cross section is quite large.

10
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FIGURE 3 SIMPLIFIED ENERGY-LEVEL DIAGRAM CONSIDERED FOR THE
RESONANT-COLLISION PROCESS

Atoms A and B (which could even be of different species) have energy
levels 11A >, 12A > and 1B >, 12B >, respectively. These energy levels
are tuned (Stark-shifted) by the static electric field.

11l

- . . ~'% q S*. *- ,. ' i"



-290

20p.

. -310

z
LU

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
IE (kV/cm)

FIGUR4 (mSA-8461-59AFIGUE4 m1  0 STATES OF Na NEAR THE 20S STATEFirst vertical dashed lines on the left shows the 2A > and ;2B > states 
i.

for the resonant process (20s) + (20s) - (19p) + (20pi Second verticalline corresponds to the )2A > and 28 > staes for the observed collisionprocess (20s) + (20s) - (19p) + (n =19, =18). Solid line just below
the 20p (19P) State corresponds to n =19, 1.18 In =18, k. 171 StarkState.
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III EXPERIMENTAL APPROACH

In the experiments described in this report, an effusive beam of Na pas-

ses between a plate and a grid as shown in Figure 5. The atoms are excited in

a two-step process by two pulsed dye lasers; the first, yellow, laser is tuned
." to the 3s-3p transition at 5890 A, and the second, blue, laser is tuned to the

0
* 3p-ne transition at -4140 A. The laser excitation and subsequent collisions

occur in a dc electric field that ranges from 10-800 V/cm in these experi-

ments. At a variable time after the laser excitation, a positive high voltage

pulse is applied to the field plate ionizing the Rytberg atoms and accelerat-

ing the resulting ions into the electron multiplier. The electron multiplier

signal is averaged using a boxcar averager and recorded with a chart recorder.

The selectivity of electric field ionizationI enables us to identify

states present at the time the field ionizing pulse is applied. Thus we are

able to monitor the populations in the ns, np, (n-l)p, nd, (n-l)d, or

the (n-l)f states as functions of time after the laser pulse and dc electric

field.

The atomic beam is collimated to a 0.4-cm diameter in the interaction

region, has a density of - 108 cm- 3 , and is assumed to have the modified

Maxwellian velocity distribution characteristic of a 500*C beam. The laser

beams are focussed to 0.5 mm diameter in the interaction region, are usually

approximately collinear, and cross the atomic beam at right angles as shown in

Figure 5. With both laser beams crossing the atomic beam at Q00 , the excita-

tion volume is a cylinder of volume 10- cm3 . Typical densities of excited

atoms are - 106 cm3 .

The electron multiplier gain is measured to be 5 x 103 and has a speci-

fied quantum efficiency of 30%. Tncluding the 20-dh (power) gain of the

amplifier after the multiplier, we find that overall, one Rydherg atom leads

to 1.9 x 10-15 coulomb of signal.

d
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IV RESFARCP ACCOMPLISTMENTS

A. Resonant Collisions of Two np Rydberg Atoms

Before describing in detail the cross section measurements, it is useful
to present qualitative observations that both identify the collision process

. and suggest the method used to measure the cross sections. The most striking

feature of our observations is the sharply resonant increase in the povula-

. tions when the levels are tuned into resonance with the field. An example is

shown in Figure 6, which is a recording of the population in the 17 p state as

a function of dc field 2 ps after the 17s state is populated by the lasers.

The sharp increases in signal at 516 V/cm, 537 V/cm, 544 V/cm, and 566 V/cm

are due to the resonant 17s + 17s + 16p + 17 p collisions that occur as shown

" in Figure 1. As mentioned earlier, the resonances are labeled bv the Imi - '

values of the final lower and upper p states, which are determined from the

field ionization behavior of the signal in the lowest n states studied. The

resonant signal is approximately quadratic in the power of the blue laser,

whereas the total population is linear, as shown by rigure 7. This suggests

that the resonant signal is either due to an effect that depends on collisions

with photoions produced by the absorption of two blue laser photons or to an

effect varying as the square of the number of excited atoms. Since there are

no photoions observed, we can immediately rule out the first possibility.

Considering the small size of photoionization cross sections for Rydberg atoms

by visible photons 12 and the likelihood of a resonant process, this seems un-

likely in any case.

1. Measurement of the (ns) + (ns) + (np) + (n-l)p Cross Sections

If we allow collisions to occur for a time T during which time a small

fraction of the initial population in the ns state is collisionallv trans-

ferred to the np and (n-l)p states, then the population N in the np (and

n-1)p state will be given by

2-
N ovT- ---- (I Q) .

p V

15

'.I

* .' -:-*** *J.- *.. .*.-* *. * -.0_' ., . .*: .''- - ., ,- -. . - -. ': ' . ' ' o " '.



(0,101)
(0,1)

(1,0)
z

z
0
IL-

500 520 540 560 580

F (V/cm)
SA-8461 -14

FIGURE 6 THE OBSERVED 17p ION SIGNAL AFTER POPULATION
OF THE 17s STATE VERSUS dc ELECTRIC FIELD, SHOWING
THE SHARP COLLISIONAL RESONANCES

The resonances are labeled by the Im,: values of the lower and upper
p states.
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where N is the initial ns state population, a is the cross section for the

process, 1 is the average collision velocity, and V is the sample volume.

Eq. (19) may be easily inverted to give the cross section. In doing so,

it is convenient to replace Ns and Np by the observed signals N' and N'

which are related to Ns and Np by r, the overall sensitivity. Thus we may

write N'

N' ,T
p Va p, 7 (2 0) :-.

N ' ' '_

By measuring the ratio N' /N as a function of n, we may determine with pood

accuracy the n dependence of the cross section. Measurements of the quanti-

ties in brackets give the absolute cross sections. Because of the large dif-

ference in the fields at which the Na ns and np states ionize, these two are

in all cases easily time resolved. Because of the small difference in the .A

fields at which the ns and (n-l)p states ionize, these are not always clearly

resolved under these conditions; however, this has no effect on the deteriina-

tion of the cross sections. With a 50-ns-wide gate we observe only the np

state signal, which comes first, yielding N'p, and with a 500-ns-wide gate we

observe at the same time the entire ion signal, 'T, from the np, ns, and

(n-1)p states.

A typical example of a sweep through the collisional resonances is shown

in Figure 8 for the excitation of the 23s state for two laser powers.

Figures 8a and 8b are recordings of N'2 3 p, the number of atoms in the 23 p

state at two laser powers. Figures Sa' and 8b', in the inset, show the corre-

sponding simultaneous measurements of N' the number of atoms in the 22p,

23s, and 23p states, and these values are clearly unaffected by the coill-

sional resonances. In Figures 8a and 8b, the quadratic devendence of the

resonant signal on blue laser power is quite apparent, whereas the background

(nonresonant) signal in Figures Ra and 8b as well as the signal in Figures Pa'

and 8b' are clearly linear.

Table I gives the values of the electric field positions at which the re-

sonances occur. Figure 9 shows the n dependence of the positions of the (O,0)

and (1,I) resonances, whose locations are given by

1.21(2)n* 5 3 4(5) V/c, (21a)

-. . . . . .. . . . . . . . . . . .
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L ~~FIGURE 8 (a) THE POPULATON OFTHE 23p STATE 2ps AFTER THE
I POPULATION OF THE 23s STATE SHOWING THE COLLISIONAL
* RESONANCES

Notice that the (0, 1 ) and (1, 0) resonances are not resolved in this trace. -

fb) The same as (a) except with 40% of the blue-laser power. (a') A record -
ing of the total Populations in the 23s, 22p, and 23P states taken simnulljrieuus
with (a). (b') A recording of the total populations in the 23s, 22p, and 23 p
states taken simultaneously with (b).
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POSITIONS OF TPF RESOWTANCFS

(V/cm)

ns State/Resonance 0,0 O,1 1,01,

16s 741(15) 770(15) 781(15) 813(16)

17s 516(10) 537(10) 544(10) 566(10)

18s 364(8) 387(8) 393(8) 405(8) .-

20s 201(4) 210(4) 214(4) 222(4)

23s 91(2) 94.5(20) 95.9(20) 100(2)

25s 56.5(13) --.590( 13)a-- 63.1(14)

27s 36.6(8) --..38.7(8)a--.. 118

* aThe average location of the unresolved 0,1 and 1,0 resonances.
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and
.4()*-5.35(5 )  1"A-"

ER(1,1) .42(2)n V/cm (21b)

The field width (FIM) of the resonances are given in Table TI. Note that

these widths are not appreciably broadened by spatial inhomogeneities in the

applied dc field.

Physically, it is the frequency width of the resonances in which we are

really interested, and we have used an approximate method, based on a sugges-

tion of Cooke.1 3  The frequency widths of the resonances are given in

Table III. The widths of the resonances are the sum of the collisional width

and unresolved fine structure as shown in Figure 10. Note that the Imj = 1

states are split by Afs, which is given bv

Afso
Afs = k (22)

where Afs o is the fine structure interval of the zero field p state and k. is
the amount of p character remaining in the nominal p state in the electric

field. At these fields k - 0.85 and 0.73 for the lower and upper p states,

respectively. Vrom Figure 10 it is clear that the (0,0) resonance reflects

only the collisional width; the other resonances have additional width from

the unresolved fine structure. Figure 11 plots the difference in the observed

widths, A(l,l) - A(0,0), n.4 and shows the calculated value of

Afs upper + Afs lower' which is in good agreement with the data. In

calculating Afs upper and Afs lower' we have used the previously determined no"

fine structure intervals.14

From the previous discussion it is clear that the (0,0) resonance is the

only good probe of the collision width. The n variation of the width of the

(0,0) resonance (FWPM) is given by

W(0,0) = 235(40)n*- 1 "9 5 (2 n) (GIFz) (23)

Figure 12 plots the observed widths of the (0,0) resonance and calculated

dependence from Fq. (26). Note that A(0,0) scales as n*(1" 9 ), in agreement

with the predicted n*2 scaling, and is in reasonable agreement with the calcu-

lated magnitude. To simplify the presentation, we have corrected the observed

22
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*Table II

FIELD WIDTHS OF T1E RESONANCES

(Vcm)

ns State/Resonance 0,0 0,1 1,0 1,1

16s 4.0(8) 6.7(14) 4.6(9) 7.2(14)

17s 3.4(7) 4.8(10) 4.2(8) 5.3(11)

18s 2.7(6) 4.0(8) 3.6(8) 3.9(8)

20s 1.8(4) 2.7(4) 2.7(5) 2.4(5)

23s 1.35(50) 1.45(30)

25s 0.8(2) 1.15(22)

27s 0.55(20) --- 0.67(140)

21
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Table III

FREQUENCY WIDTHS OF THE RESONANCES t,-

(GHz)

ns State/Resonance OO0 101

16s 1.11(25) 1.95(50) 1.32(34) 2.31(6)

17s 1.08(23) 1.53(40) 1.34(40) 1.70(42)

18s 0.94(20) 1.45(35) 1.31(40) 1.52(38)

20s 0.77(16) 1.19(30) 1.19(30) 1.08(27)

23s 0.74(16) 0.8S(22)

25s 0.50(12) 0.81(20) a"a

27s 0.40(10) 0.51(13) ,

.7-..J
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=Q 0, ms 1/2

np MR =± 1, ms = ± 1/2
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FIGURE 10 THE FINE-STRUCTURE LEVELS IN ZERO FIELD AND AT
THE FIELD OF THE COLLISIONAL RESONANCES
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N'p N's2 ratios to account for s state depletion; these are presented in
p2

Table IV, along with the radiative lifetimes of the ns states. The N'1/I's 2

ratios are proportional to the cross sections and give the variation of the

cross sections with n.

By evaluating the quantity in the braces of Eq. (30), we obtain absolute

values for cross sections. The values used are r - 5.2 x 101 4 atoms/coulomb,

T = 1 Us, i - 3.5 x 104 cm/s, and V = 10- 3 cm3 . We estimate the errors in

this normalization to be at most of a factor of five. With the error bars of

the relative cross sections from Table IV, the observed cross sections can be

expressed as

- 3.3(6) x 104 n*3 7 (5 ) A2  (24)

which is in good agreement with the calculated values of Section ITI.

Figure 13 plots the observed cross sections and the theoretical result, Equa-

tion (17), logarithmically n*4 .

C. Generalized Resonant Collision of Rydberg Atoms

We first describe the resonant collision process (20s) + (20s) + (l9p) + (191)

or (20s) + (20s) + (20p) + (181). Note that I is used as a label for the

energy eigenstates to simplify the notation. Although we have observed the

resonant collision process from other ns states (n - 18-24), we describe here

the observations made with the 20s state. Resonant collisions between Na at-

oms in other ns states (n f 18-24) give qualitatively similar results.1

Figure 14 shows the trace of the ion signal that represents the population in

the 20p state or the 191 state as the static electric field is increased. The

three resonances on the left-hand side are the collisional resonances

described in the previous section and correspond to the ns state lying midway

between the np and the (n-l)p state. In Figure 14 the second feature on the

left-hand side consists of two unresolved resonances (see below). The sharp

increases in the ion current represent large collisional transfers to the 20p

state. Since the 20 p state and 191 states with high-I field ionize at a lower

field than does the initially excited 20s state, we set the amplitude of the

field-ionization pulse so that only the 20p and the high-I states of the n19

manifold are field-ionized. In this way we obtain a signal only if the atoms

28

" ' " " ' °' J ' ''- . ' : '- , _ ' ', ' ." " . ' ' , ' ' ,' , 2 ' " "_ - : ' " " " _ . . ..' '. . . . . * * * ., : : , ' ' '_ ," "



Table IV

RADIATIVE LIFETIMES, RF.LATIVF AND ABOLT CROSS SECTTOi

Lifetimes (Relative Cross Section a
State (u1s) (109 coul-1) (109 A2)

*16s 4.34 1.45(35) 0.79(18)

-l~s 6.37 2.31(23) 1.25(13)

*20s 8.96 4.0(12) 2.16(66)

23s 14.0 6.0(9) 3.2(5)

25s 18.3 7.1(19) 3.8(10)

27s 23.3 10.7(33) 5.8(18)

* aSee Reference 22.
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end up in the 20 p or the nearby high-i states of n-19 manifold. Fote that the

Imll -0 and 1 splitting of the p states leads to four resonances. We label

these resonances by the pair of nl Imil values for the lower and upper

states. At this point we note that experimentally we only observe the trans-

fer of population to the upper state (state with the higher energy). we

assign the other final state involved in the collision process by calculating

the Stark shift 16 of the relevant states.

The resonances recorded in Figure 14 are labeled, in the order of

increasing field, as follows: (19,1,0;20,1,0), observed at 202 V/cm;

[(19,1,1;20,1,0) and (19,1,0;20,1,1)1 observed at 212 V/cm; and (l,l,1;2n,j,j)

observed at 223 V/cm. The square brackets indicate that the two calculated p
resonances contained inside are experimentally unresolved. The pair of three

numbers in the brackets corresponds to the n,l,1mll quantum numbers of the two

final states involved in a given resonance. For instance, the first resonance

in Figure 14 is labeled as (19,1,0;20,1,0) where IIA>.IIB>.20s=(20,O,O),

12A>=(19,1,0), and 12B>=(20,I,O). In Figure 14, when the electric field is

increased beyond 250 V/cm, additional sharp resonances appear. These

resonances indicate a large transfer of population into either the 20p state
or the high members of the n-19,1>2 manifold. The blue-laser-intensity depen-

dence of these resonances (at lower laser power) shows that the observed

signal is quadratic (to within *10%) in laser intensity, implying that the

observed resonances are collisional signals involving two tla(ns) atoms.

Collisional resonances observed at even higher fields are shown in

Figure 15. Since the field-ionization thresholds for the 2 np and the higher

energy state of the n-19 manifold are almost identical, it is frequently

difficult to distinguish between these states using our experimental detection

scheme. However, we can accurately calculate the Stark shift 16 of these

states and assign two unique initial and final n,l,jmlj lahels to each of the

sharp resonances seen in Figure 14. For instance, the first resonance

(at E = 255 V/cm) on the high-field side of the previously observed

resonant-collision resonances is labeled [(19,18,0;19,1,0),(19,18,1;19,1,0)].

Again, the pair of resonances in the square brackets indicates that these

resonances are experimentally unresolved.

Table V shows the calculated positions of the four high-field resonances

seen in Figure 14 in terms of the static electric field. Similarly, the

.2
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Table V

CALCULATED AND OBSERVEP POSITIONS OF THE RESONANCFS

IN TERMS OF THE APPLIED DC FIELD (V/cm).

Electric Field (V/cm)

Resonance Observed Position Calculated Position

(20,1,0;19,1,0) 202(3) 2n2

(20,1,0;19,1,1) 212 a  210

(20,1,1;19,1,0) 213.7

(20,1,1;19,1,1) 223(3) 222.8

(19,18,0;19,1,0) 255 a  253

(19,18,1;19,1,0) 255

(19,18,0;19,1,1) 260 a  260

(19,18,1;19,1,1) 262

(20,1,0;18,17,0) 277
(19,17,0;19,1,0) 278 a  278

(20,1,0;18,17,1) 279

(19,17,1;19,1,0) 280

(20,1,1;18,17,0) 286
(20,1,1;18,17,1) 289a  28
(19,17,0;19,1,1) 287
(19,17,1;19,1,1) 289

Note: Errors shown are typical and represent the statistical uncertainty in
the data.

aAverage location of the unresolved resonances.
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resonances observed at even higher fields (see Figure 15) can be assigned a

pair of final n,l,lm I , states. It is clear that at higher fields some of the

resonances overlap. For instance, the resonance seen in Figure 14 at approxi-

mately 278 V/cm is in fact composed of four unresolved resonances. In some

cases we can verify the calculated Im1l assignment of the resonances by using

the fact that states with different jmil have slightlv different SFI thresh-

olds.1 1  For instance Imil - 1 states in the vicinity of 20p have a

field-ionization threshold that is approximately 4.5% higher than that for

,ml-0 states. I I

The Imll labeling of the first few collisional resonances is experiment-

ally confirmed in Figure 16, where the solid trace was obtained at a peak SF1

field sufficient to field-ionize only the tmif=i component of the 20p and the

in Figure 16 was similarly obtained with the SFI amplitude set to detect

1m11=l component of the upper state (E>2.3 kV/cm). Comparison of Figures 14

and 16 indicate a resolution of the resonances in terms of the final ImI

quantum number. For instance, the solid and broken traces in Figure 16, which

indicate the jml1 HO and I resonances, respectively, show that the resonance

observed at E-255V/cm in Figure 14 is in fact composed of two partially over-

lapping resonances. This experimental observation is in agreement with the

calculated positions, as indicated in Table V. Resonances with overlapping

final states with the same Im1l cannot he resolved in any straightforward

manner.

D. Observations of Na(nd) + Na(nd) + Na[(n + l)f)] + Na(np)
Resonant Collisions

Although we have so far described observations of the resonant collisions

with Na atoms initially in ns states, there are no fundamental limitations to

the use of other Fydberg states. For instance, at relatively low fields

(17 V/cm), the process (15d) + (15d) + (15p) + (16f) becomes resonant. This

process is confirmed by our observation of a sharp transfer of population into

the 16f state, as shown in Figure 17. The SF1 pulse amplitude in Figure 17 is

set to detect states with n 16 (for instance, 16d or 16f) are detected via

the ion multiplier. At zero electric field (see Figure 17) a very small non-

resonant black-body-radiation-induced signal is observed. Large ion signals

are observed when the electric field is set around 17 and 23 V/cm. rrom the

Stark-shift calculations, it is clear that at low fields the only resonance
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FIGURE 17 PLOT OF THE ION CURRENT REPRESENTING THE POPULATION
IN THE 16f STATE (OR A NEARBY STARK STATE) AS A FUNCTION
OF THE STATIC ELECTRIC FIELD

Atoms are initially excited to the 15d state. Amplitude of the SF I pulse
is set to ionize states with n = 16.
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condition occurs for the process (15d) + (15d) + (16f) + (15p); that is, the

15d state lies midway between 16f and 15p. The fine-structure splitting of

the 15p state results in the two resonances observed at 17 and 23 V/cm,

respectively. From our calculations of Stark wave functions1 6 for the Na

Rydberg states, we obtain ul-<19p IU120s>-200 a.u. and u2 =<n=19,1-l8tu2Os>-80

a.u. for the (19,18,0;19,1,0) collision resonance observed at 255 V/cm in

Figure 14. For the (20,1,0;19,1,0) resonance, 11l=w2 -200 a.u. The calculated

ratio between the cross sections for the (19,18,0;19,1,0) and (?0,1,0;19,1,0)

resonances is therefore approximately 0.4. From Figure 14 (and other similar

data not shown here) we see the observed ratio is approximately 0.4 (see also

Table VI). Calculated cross sections of some of the high-field (Im1 =0)

resonances and their ratio compared to the lowest-field resonance, the

(20,1,0;19,1,0) cross section, are listed in Table VI. As shown by Table VI,

the magnitude of the cross section depends directly on the product of the

dipole matrix elements, not on the geometric size of the atoms, which is

roughly constant for all the cases listed in Table VI. ronversion of the

electric field scale to the frequency scale indicates that the widths of the

observed resonances are approximately 2 GHz (see Figure 14).

Finally, we have also observed resonant collisions between two Na atoms

with 1>2. The Na atoms are initially excited to an nd state and subsequently

excited to an nl state by applying a microwave field in the presence of a

- small static field (approximately 20 V/cm). Resonant collisions between a

pair of laser-microwave-excited atoms then result in one of the atoms being
*i

excited to a state with n -n + 1. Since the VI threshold of the final state

following the microwave transition and the subsequent resonant collision is

much lower than that for the initial laser-excited state, using the SFT tech-

nique, we can detect the final state with a high signal-to-background ratio.

We have, in fact, observed microwave transition from the l9d (and 16d) state

using the resonant collisions. The ld-181 (1>2) transitions occur as the

* microwave frequency is swept from 12.4 to 18.0 r'~z in the presence of a

20-V/cm electric field. These microwave transitions are easily detected with

the SVTI amplitude set to detect states with n* 1q.

From the above discussion and from Figure 14, it is clear that the newly

observed resonant-collision process (ns) + (ns)+(np) + [(n-l)t]

(or (ns) + (ns) [(n-l)p] + nl) occurs quite generally has a large cross
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Table VI

CALCULATED AND OBSERVED CROSS SFCTIOr FOR PFSONANCES
WITH BOTH FINAL STATES WITH Im 1-0 AND THEIR RATIO R

IITH THE LOWEST-FIELD (20,1,0;19,1,O RESONANCE CPOFS SECTION.

Ratio Relative to

Ratio Relative to to Observed Cross

Calculated Cross Calculated Cross Section Section for
Resonance Section (108 A2 ) for (20,1,0;19,1,0) (20,1,0;19,1,0)

(20,1,O;19,1,O) 3.5 1.0 1.0

(19,18,0;19,1,0) 1.36 0.4 0.4(0.08)

(20,1,0;18,17,0) 0.77 0.2 0.15(0.03)

(19,17,0;19,1,0) 1.1 0.3 0.2(0.04)

Note: Numbers in parentheses represent the statistical uncertainty in our data.
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section, approximately 109 A2 , at resonance, and is easily observed. The

large cross sections and narrow linewidths observed are largely due to the

long-range dipole-dipole interaction between highly polarizable Rydberg %-

atoms. Because of the large collision cross section and the long interaction

time (approximately 1 ns), it appears possible to observe microwave-assisted

collisions similar to the one observed recently for the process

(ns) + (ns) + hv *(np) + [(n-l)p]. Thus, it is quite feasible to observe

resonant collisions between atoms of two different species. Resonant colli-

sions involving higher multipole interactions between two atoms are also

feasible.

.
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V SUMMARY

Under this contract, we have perfomed systematic experiments involving

resonant collisions of sodium Rydberg atoms. Specifically, we have measured

the resonant collision cross section and the linewidth as a function of the

principal quantum number n.

We have also investigated the generalized resonant collisions involving

collisions of nk states with I up to 3. Finally, we have developed the ge- I
neral theory for these collisions and have obtained good agreement with our

observations.
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Appendix A

VOLUMi 47. NuMntR6 PHYSICAL REVIEX' LETTERS 10 AUGUST 1981

Resonant Rydberg-Atom-Rydberg-Atom Collisions

K. A. Safinya,"a) J. F. Delpech,Ib) F. Gounand," W. Sandnerd' and T. F. Gallagher
Molecular Physics Laboratory, SRI International. Menlo Park. California 94025

(Received 22 June 1981)

We have observed the sharply resonant enhancement of the cross section of the collision
processns +Ns-Pnp + (n - 1)p between two Nans (16- n • 27) atoms which occurs when
the levels are shifted by an electric field so that then s level lies midway between the two
p states. The widths of the collisional resonances scale as n"2 and the magnitudes of the
cross sections as n , with values of 0.5 GHz and 8.108 A2 for the 20s state. These results
are in good agreement with calculations based on the long-range dipole-dipole interaction
between the two atoms.

PACS numbers: 32.80.-t, 32.60.+i, 42.65.9v

In collisional transfer of internal energy from section which is the expected cross section for
atom A to atom (or molecule) B it is expected nonresonant collision processes.4 Such large
that if the collision is resonant, i.e., atom A cross sections lead to long interaction times of
loses as much internal energy as atom B gains, - I ns or resonant widths of - 0.03 cm- 1, a width
the cross section will be enhanced.' In low-lying more characteristic of spectroscopy than colli-
states it is difficult to study the effect in a sys- sions.
tematic fashion since one must rely upon chance In these experiments Na atoms in an effusive
coincidences in the energy levels. On the other thermal beam are crossed at 90' by two collinear
hand, atomic Rydberg states are well suited for pulsed-dye-laser beams which excite them via
such studies for two reasons. First, for many the route 3s - 3p - ns to ns states where 16 -5 n
collision processes they have large cross sec- - 27. Typically the yellow 3s - 3p transition was
tions, which should allow the long interaction saturated, but the blue 3p - ns transition was not.
time necessary to produce sharp collisional After the laser pulse the atoms collide with each
resonances. Second, the energy spacings of other, and the final-state distribution is analyzed
Rydberg states may be varied in a systematic as a function of time after the laser excitation by
fashion. The most apparent approach is to vary using selective field ionization which enables us
the energy spacings by studying a progression of to discriminate between the states of interest, in-
n or I states, where n and I are the principal and cluding the ImI values of the p states.5 Here m
orbital angular momentum quantum numbers, is the component of orbital angular momentum
Variation of n has already been used to study along the field direction. As noted above, the ex-
resonant electronic-to-vibrational energy trans- periment is carried out in the presence of a dc
fer from Rydberg states of Na to CH, and CD 4, electric field which serves to tune the levels as
and electronic-to-rotational energy transfer from shown in Fig. 1 for the 19p, 20s, and 20p states.
Rydberg states of Xe to NH3 .3 The widths of the Note that, because of the splitting of the I mi = 0
resonances in these collision cross sections are and I levels of the p states, there are in fact four 1K.
50 and 6 cm" , respectively, far narrower than values of the electric field (resonances) at which
any previously observed. Changing n or I limits the s state lies midway between the two p states.
the tuning to discrete steps; however, it is possi- The cross sections are determined by meas-
ble to continuously tune the atomic levels with uring the number of atoms .V, collisionally trans--
use of electric or magnetic fields, which is of ferred to the np state and the number of atoms
course essential to observe very sharp resonances. N, excited to the Pis state. In the limit where

Here we report the use of electric field tuning only a small fraction of the initial n.s population
to observe resonant collisions of two Rydberg is collisionally transferred to the p states we
atoms. Specifically, we observe that when the may express the population .N, at a time t after
electric field is tuned so that an initially populat- the laser excitation as
ed ns state lies midway between the two p states
above and below it, two atoms in the ns state N O (1)
collide to yield one atom in each of the two p where a is the cross section for the process ns
states. At resonance the process has a large + ns - Pi + (n - 1)p, F is the average collision
cross section, ~ 103 times the geometric cross velocity, and V is the sample volume. To ac-
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count for the depletion of the ns state by colli- Fig. 2 we show N,', the 20p signal observed after

sions and radiative decay we use the average excitation of the 20s state, as a function of dc
value of Nt while the collisions are occurring. field for two blue-laser powers. The backgroundII.

From Eq. (1) it is immediately apparent that if signal, such as is observed at E - 250 V/cm, is SS..-

the second laser excitation step is not saturated, due to blackbody-radiation-induced transitions6

N, will be linear in blue-laser power while N. is and depends linearly on N,' and the blue-laser
quadratic. We actually observe signals N,' and power. The four sharp peaks above the blackbody .
N ' which are related to N, and N, by a factor signal are due to resonant collisions and are

r, the inverse of the detector sensitivity. It is obviously quadratic in the blue-laser power. The

useful to rewrite Eq. (1) as resonances are labeled by the Imi values of the

a=(N,'/N ' 2)IV/rit. (2) lower and upper p states (see Fig. 1).

From Eq. (2) it is apparent that we can measure
the relative cross sections by obtaining the ratio ! I

N, '/N,' 2 , leaving all other parameters fixed. t1.0)
Absolute normalization of the cross sections re- (0.11 |1.1)
quires the values of the quantities in the square
brackets. 10.0

To obtain the cross sections we field ionize the
atoms 2 Ps after the laser excitation and set the
amplitude of the ionizing pulse so that the signals 15

from the ip, ns, and (n - 1)p states are temporally
well resolved.5 With a narrow 50-ns gate we re-
cord only the qp signal and with a wide 500-ns
gate we record the entire signal as we sweep the

dc field in the vicinity of the four resonances. -
The entire signal is easily related to the average I
value of N, ' by its observed time dependence. 1 10 --

These two measurements give N,' and N,'. In 17

gL "=0
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FIG. 2. Signal from the 20p state, after population
of the 20s state, vs d e elect ri, field at t%o ex ctng " -

334 _ - - 7
0 100 200 300 laser powers: (a) 1.0 and (b) 0.4. The background

E (vcml signal (at 190 or 250 V 'cm) is due to blackbodv radia-
tion and is linear in laser power. The collisional reso- ',

FIG. 1. Energy levels for the 19p, 20s, and 20P nance signals are clearly quadratic in power. The col- llt:"
states in an electric field. The collisional resonances lisional resonances are labeled by the m. values of ",
are shown by the arrows. the lower and upper" p states Isee Fig. ]).,...

406

.-. . . .. . . . . .'. "



VOLUME 47. NUMBER6 PHYSICAL REVIEW LETTERS 10AL'GLST 1981

From the values of N,' and N,' we obtain the n attention on the (0,0) resonance, which has no

variation of the cross section which scales as spin-orbit splitting to broaden it. The position
n*(4.2. 3). and is shown with its errors in Fig. 3. of the (0,0) resonance, ER, is given to a good

Here n* is the effective quantum number of the approximation by ER(V'cm) = 1.21 x 10n* -5-34,
ns state whose binding energy 1A' is given by W and the widths are given by AE(V/cm) = 6.63
=- 1'2n*2 . To provide a feeling for the magni- X 10

4nj* 3 "
5

9 . If the Stark effect were hydrogenic
tude of the cross sections we have put Fig. 3 on and linear the frequency width AM' would be given
an absolute basis by evaluating the parameters by AW(GHz)=2.54× 10" 3n*2 AE(V/cm). However,

in the square brackets of Eq. (2). The sample as shown by Fig. I the Stark shift is not quite
volume V is defined by the diameter of the laser linear, and we find that at the (0, 0) resonance
beams (0.05 cm) and the width of the atomic beam AW(GHz)=2.42x 10" 3n*1 .7I (V/cm). Thus AW
(0.4 cm) to be 10-3 cm 3. From the velocity distri- scales as n 1.9.2 with a value of 1 GHz at n*
bution of the beam we estimate F to be 5x 104 cm' =20. Equivalently we could say the collision time
s. Time-resolved measurements indicate that T = I/AU' scales as 01* 1-' * 0.2 with a value of - 1 ns L.
collisions occur for 1 us, a time which is de- for 16s.
termined by the geometry of the excitation volume Since superradiance is known to be important
and the velocity distribution; thus we take t = 1 us. for Rydberg states8 it is worth mentioning why
The detector sensitivity, ir= 1.9x 10-15 C/atom, it or related phenomena are not expected to play
indicates that we excited from 10' to I04 atoms a role here. First, by crossing the laser beams
per pulse in these experiments. We estimate the to reduce the sample volume we observed quanti-
uncertainty in the absolute magnitude of the cross tatively similar, but smaller signals, indicating
sections to be a factor of 5. Note that the ob- that the effect depended upon number density N,
served cross sections are - 103 times larger than V rather than number N, as would be expected
the geometric cross sections. for a cooperative effect in a small sample.9

Of as much interest as the magnitudes of the Second, superradiance from ns to (n - I)p was
cross sections are the positions and particularly observed to disappear, presumably because of
the widths of the resonances. Let us focus our inhomogeneous broadening, in the 16s state with

the application of 50 V/cm and in the 20s state
by the application of 3 V/cm. (These fields are

an order of magnitude lower than those at which %

16 18 20 23 25 27 the resonances occur.) At n =27 superradiance
5 1 was never observed. Finally the time scale of a

4 cooperative effect must be fast compared with
3 the relaxation times.' 0 In zero electric field

Earth's magnetic field gives a time of- 0.3 s,
2 and at the electric fields we used we estimate

that inhomogeneous electric fields lead to relaxa-
tion times of - 0.1 Ms. For these reasons it seems

1 - most unlikely that a cooperative effect is re-
0sponsible for these observations.

T Finally it is interesting to compare our ob-
04s served cross sections and resonance widths with •

3 calculations based on the interaction of the dipole

03 moments of the two atoms. Using several ap-
2 2 proaches'-' we find that, at resonance, the

cross section ( is given (in atomic units) to aboutTan order of magnitude by

Cr Al~ -_ , V ' - it *4 , (3)105 106 . ...,

n' 4 where a, and p, are the its -tp and is-(n - 1)p

FIG. 3. Observed resonant cross sections (circles) dipole moments, which are in our case both ,

and collision times (squares) (inverse widths) plotted and F is the collision velocity. Note that the
vs R

"
4 on logarithmic scales The values of the as cross section is larger than the geometric cross

states are given at the top for reference. section by a factor - I T. The collision time T,
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Resonant Rydberg-atom - Rydberg-atom collisions

T. F. Gallagher, K. A. Safinya,* F. Gounand,! J. F. DelpechJ W. Sandner, f and R. Kachru
Molecular Physics Laboratory, SRI International, Menlo Park, California 94025

(Received 16 November 1981)

The experimental investigation of the resonant collision process
Nas + Nans-Nanp +Na(n - I)p which occurs when the levels are tuned with an elec-
tric field so that the ns level lies midway between the two p levels is described in detail.
The observations are shown to be in good agreement with a long-range resonant dipole-
dipole interaction. .'-

1. INTRODUCTION perturbing atom or molecule.
Since Rydberg atoms have large dipole moments

their energies are easily shifted by the application
Resonant collisional energy transfer, the process of very modest electric fields thus allowing the

- in which atom (or molecule) A loses as much inter- study of resonant collisions with continuous tun-
nal energy as its collision partner atom (or mol- ing. Previously we described the first application,
ecule) B gains, is a process which has been of in- to our knowledge, of such an approach to study
terest for some time. While it has been studied resonant collisions of two Rydberg atoms.Q We
theoretically in some detail, both for atomic and notice that in nuclear magnetic resonance, magnet-
molecular collisions,' - 3 the experimental explora- ic field tuning has been used to observe roughly
tion of this subject has been hindered by the neces- analogous resonant energy transfer between nuclear
sity of finding chance coincidences in the separa- spins in solids.10 Although several mechanisms are
tions of the energy levels of the collision partners. responsible for the observed effects, such processes
In spite of this obstacle considerable insight has are frequently termed cross relaxation.°.
been gained into the nature of resonant collisions Specifically, we have studied the sharply
using the available coincidences. '5  resonant thermal-collision process Na ns +ns

The study of resonance effects in collisions is -. np +(n - 1 )p which occurs when the Na ns lev-
greatly facilitated by the use of Rydberg atoms. els are tuned with an electric field so that the ns
First there is a high probability of finding chance level lies midway between the two p states. As
coincidences because of the systematic variation of shown by Fig. I for the 17s, 16p, and 17p states,
the energy separations with principal quantum there are in fact four collisional resonances due to
number n and orbital angular-momentum quantum the splitting of Im ; =0 and I levels in the elec-
number I. This allows much more systematic stu- tric field. We shall designate the four resonances
dies than were previously possible. For example, by the I mn I levels of the lower and upper p states,
the variation of energy separation with n produces respectively. Thus in order of increasing field the
a comb of allowed transition frequencies which is four resonances are (0,0), (1,0), (0,1), and (1,1).
nearly continuous in some spectral regions, and Cross sections _ 103 times greater than the
this has been used to probe resonance effects in geometric cross sections of the atoms with reso-
electronic to rotational and vibrational energy nance widths of -0.03 cm-I were observed. Both
transfer. 6-  Using the resulting discrete step tun- of these striking features are consequences of the
ing it has been possible to determine the widths of large dipole moments of the Rydberg atoms which
these collisional resonances to be 6 cm and 50 allow an efficient long-range resonant dipole-dipole
cm-, respectively, although the exact widths are interaction. Such an interaction was termed a "ro-
somewhat uncertain due to the comb-like nature of tational resonance" by Anderson,2 and has been oh-
the energy spacing. It is interesting to note that in served, although not systematically, in molecular
both these cases, at resonance the cross sections are resonant rotational energy transfer."
slightly smaller in size than the geometric size of It is our purpose here to give a more detailed
the Rydberg atom, and the dominant interaction in description of the experimental approach and oh-
these collisions is thought to be the quasifree elec- servations as well as a simple treatment of resonant ""
tron scattering of the Rydberg electron from the collisions.

25 1905 c 1982 The American Physical Society
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418-
r b

420 FIG. 2. Geometry of the collision of two dipoles. M:

1 ho is at rest and M, passes with velocity v and impact
421 parameter b. The dipoles are separated by r.

17s i7,sical dipole of magnitude p 1, rotating at frequency
w . This produces an oscillating field E at atom 2

I the magnitude of which is given by

476 E- 3__

where r is the distance between the atoms. For

this field to induce a transition of atom 2478la

p 2Et 1, (2)

0 200 400 600 Sao where t is the interaction time. Since E is only ap-
EIV/cm) preciable when r-b, we may use E =ul/b 3 and

FIG. 1. Energy-level diagram for the 16p.17s-17p t =b/v in Eq. (2) and rewrite Eq. (2)
states in a static electric field. The vertical lines are
drawn at the four fields where the s state is midway be- A LU2 I. (3)
tween the two p states and the resonance collisional b 2v
transfer occurs.

This yields the value of the impact parameter for
which the resonant-energy transfer will occur with
unit probability. Thus

I1. RESONANT COLLISIONS

oa-b 2 -  
. (4)

Since the formal theory of long-range dipole- V
dipole collisions has been developed from the Similarly the width of the resonance l/t is given
scattering point of view and can be found in by
several places,' there is little point in repeating 1/2
such a treatment here. Rather we present two l/t -5)

treatments derived from radio-frequency spectros-
copy. The first is an order-of-magnitude argument
derived from Purcell's" treatment of electron- Since for these Rydberg transitions y I n 2,
collision-induced hydrogen 2s-2p transitions. The then Eqs. (4) and (5) can be written as
second more elaborate treatment serves mainly to n 4
produce an explicit analytic expression for the a=- (6)
width of the collisional resonances. In both we use
atomic units. and

The treatment based upon Purcell's work gives 3/2

" quickly the approximate values of the cross sec- I/t V 32 (71
*- tions and resonance widths. Imaginc that we have

two two-state atoms I and 2, one in its upper and Thus the cross section scales as n4 and the interac-
. one in its lower state, which have transition matrix tion time as n 2.
" elements A& and ju2 for transitions at the same fre- In atomic units the thermal velocity v - 10-'.

quency w. Further, these atoms pass each other thus the cross sections are - 104 times larger than
with relative velocity v and impact parameter b as the geometric cross sections. In more familiar un-
shown in Fig. 2. Atom I may be viewed as a clas- its, at n = 20, a- 109 A2 and t 1 nsec.

, - , - , " - , - , - ,.. . . .. . -. . . . . . . . .. . . . . . . . . . . . . . . ... .. . ..-. -... . . ..,, - , .- , .- - . - .. . - . -. . , . , , . . . ,- , . . .. , . .- , - - - . . . - , . . . . . , - , , ,
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The fact that we are able to sweep through the which we take to be the eigenvalues of the unper-
collisional resonance suggests that we treat the turbed Hamiltonian H0 of two noninteracting (in-
problem in such a way that the resonant behavior finitely separated) atoms in the static electric field.
emerges in much the same way it does in treat- For finite internuclear separations the states A and ...
ments of radio-frequency resonance. Accordingly, B are coupled by the dipole-dipole interaction
the following discussion, which leads to a simple - - 7 t,.?
expression for the width of the resonances, draws (OA I V ) r -0 (O 3i "
heavily upon the two-state magnetic resonance r r
treatment of Ramsey, 12 and is formally identical to (I1)
the perturbation treatment of Kleppner.' 3  Here F is the vector between the two atoms.

Consider two colliding atoms as shown in Fig. 3. Strictly speaking the assumption of an undeflect-
One of the atoms is assumed to be stationay at ed path for the moving atom does not allow the
the origin and the other, passing the first atom (0,1) or (1,0) resonances, as the change in the orbi-

with an impact parameter b at x =0, is moving in AD a r moe mst cme o the rn-
th drcto, epedcla o h pg, ihtal angular momentum must come from the trans-

the x direction, perpendicular to the page, with lational motion. However, because of the large im-
velocity v. We shall assume that the second atom pact parameter the amount of energy transferred is
travels in a straight line and is not deflected by the negligible, - 1.6 x 10-3 cm-'. Thus the approxi- ""-
collision. In addition we shall assume that there is mation of undeflected paths is quite good.
a static electric field in the z direction. This choice The interaction matrix elements may be simpli- .

of axes matches our experimental configuration. fled by taking the RMS value of Eq. (11) over the
We construct the product states angle 0 in Fig. 3. This yields for the (0,0) transi-

tb nst ',ns (8a) tion
1PB =t0nptV,2(n -lI)p ,(8b) (OA V 0tB ) =ns! np nr3 l2n-l)i"-""

where vbnl describes a Stark-state wave function (12)
that is adiabatically connected to the corresponding
zero-field n,I Coulomb wave function. The total that is the product of the two dipole-matrix ele-
wave function for the system may be written as ments divided by r 3. Similar expressions are ob-

tained from the other resonances.
tb(t)=LbACA()+abaC.(t), 9Inserting the wave function of Eq. (9) and the

where all the time dependence is in the coefficients Hamiltonian H0 + V yields the pair of equations
CA(t) and CBtt). The energies of the two states A iCA = WA CA(+ VCB (t) (13a)
and B at r = ac, where r is the internuclear separa-
tion, are given by iC= V CA (t) + W C (t) . (13bi

WA=W,.+ W, = (10a) For V real and WA =0, this may be recast in the

and form

Wi 'P+W'(l0b) lrC4'+CeA VV 2CA +WBCA . (14)
V

Recall from Eq. (12) the form of the matrix ele-
Z ment V. It is nearly zero everywhere except where

r =b, where it reaches a maximum. Inspection of
Atom a graph of V vs x suggests the approximation

S b b

FIG. 3. Geometry of the collision of two atoms. 0 elsewhere .. x,,(1")
Atom I is at rest at the origin. Atom 2 is moving in the
x direction, perpendicular to the paper, with velocity v Here V = (ns 1 I np ) (ns u, I (n - U'P This
and impact parameter b. At x =0, the plane of the pa- makes the V/V term =0 and suggests choosing
per, the vector from atom I to atom 2 makes an angle 0 the time origin so that the interaction time is
with the z axis, the axis of quantization. 0 < t < b/v. Thus the problem is reduced to pre-

- . p , . . . . .-
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cisely the magnetic resonance problem described by WB =0, whereas in the treatment of van Kranen-
Ramsey. 2  donk it occurs for WBe*O. This difference comes

Initially both atoms are in the s state, thus from the fact that we have discarded the term con-
CA (O)= I and CD(0)=O. With these initial condi- taining V/V in Eq. (14).
tions, for 0< r <b /u, CA and CS are given by To evaluate the cross sections and collision1t [ tI - a 2 widths we must use the actual values of the aver- %

0 cos at iW,!sin age collision velocity F= 1.6X 10- 4 and dipole mo-
a 2 ments jt-i=z=0.60n " 2. Here n*2 is the effective

quantum number of the ns state of binding energy
Xexp(iWBt/2) (16) W -l/2n*2 . Using our results, Eqs. (21) and

and (22), these values lead to cross sections and widths
(FWHM) given by

i-i2 a exp(iWt/2), o- 1.03XlO'n" (25)ba I-.(17)
and

where a = ( + 4X/b6)' /2. The probability P of
finding the atoms in the twop states is given by A=2.64X 10-an " 2 . (26)
CB(b v). Thus we may write the probability as

4 2/bIn laboratory unitssmP 2 W 
2 

+ 4 
X 1 

2  
b" "n A

P= sn+4X /b6 5  - - 6 - " .---- 2.90 X n"A 2  (27)

and'" (18)--

A 1. 74X 102n * GHz. (28)
For P I 1 at resonance (W8 =0) this defines an
impact parameter b0 :

b=2X/irv. (19) I1. EXPERIMENTAL APPROACH

The cross section is given by In the experiment, an effusive beam of Na r.

a= f 21rbP(b)db . (20) passes between a plate and a grid as shown in Fig. .

Taking P = fo4 where it is excited in two steps by two pulsed
Taking P -- 2 for b <b to approximate the rapid dye lasers, the first, yellow laser, tuned to the 3s-3p
oscillations and numerically integrating Eq. (20) transition at 5890 A, and the second, blue laser,
for b > bo, we find tuned to the 3p-ns transition at -4140 . The

a=2.3irb (21) laser excitation and subsequent collisions occur in a
dc electric field which ranges from 80-800 V/cm- in good agreement with Anderson's result which in these experiments. At a variable time after the

is
2

o" = 7r"21 T )b0 2 (22) sg,

From Eqs. (18) and (19) it is apparent that the ELECTRON

width of the resonances is given by MULTIPLIER

A-FWHM)= 3 b (23) ATOMIC
b~b0 JBE AM - - LAm BEAMS -

which is in good agreement with the result of van
Kranendonk, - PU"

A(FWHM)=5v/bo, (24)

for dipole-dipole collisions if we make the reason-
able approximation that I/bo is the average value FIG. 4. The interaction region of the apparatus.
of I/b. We notice that in our treatment the max- showing both laser beams perpendicular to the atomic
imum probability occurs exactly on resonance, at beam.

.:S
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25 RESONANT RYDBERG-ATOM-RYDBERO-ATOM COLLISIONS 1909

laser excitation a positive high-voltage pulse is ap- the field. An example is shown in Fig. 5, a record-
plied to the plate field ionizing the Rydberg atoms ing of the population in the 17p state as a function
and accelerating the resulting ions into the electron of dc field 2 ussec after the 17s state is populated
multiplier. The electron multiplier signal is aver- by the lasers. The sharp increases in signal at 516,
aged using a boxcar averager and recorded with a 537, 544, and 566 V/cm are due to the resonant
chart recorder. 17s + 17s -- 16p + 17p collisions which occur as.,

The selectivity of electric field ionization enables shown in Fig. 1. As mentioned earlier, the reso-
us to identify states present at the time the field- nances are labeled by the I m, I values of the final
ionizing pulse is applied. In this work we chiefly lower and upper p states, which are determined
use the temporal resolution of ion signals from dif- from the field-ionization behavior of the signal in
ferent states at a fixed ionizing-field amplitude, the lowest n states studied. Since the field-
As noted previously, it is possible to discriminate ionization identification for the lowest n states is
between states of different n, 1, and I m, using consistent with the energy levels of Fig. 1, we as-
this technique.14 Thus we are able to monitor the sumed this to be true for all n values we studied.
populations in the ns, np, and (n - 1)p states as In addition, the resonant signal is approximately
functions of time after the laser pulse an dc elec- quadratic in the power of the blue laser, whereas
tric field. the total population is linear, as shown by Fig. 6.

Although most of the details of the experimental This suggests that the resonant signal is either due
apparatus may be found elsewhere 13 we note here to an effect which depends upon collisions with
points of particular importance for this experi- photoions produced by the absorption of two blue- --

ment. First, the atomic beam is collimated to a laser photons or to an effect varying as the square
0.4-cm diameter in the interaction region, has a of the number of excited atoms. Since there are no
density of _ l0 cm - 3 , and is assumed to have the photoions observed we can immediately rule out
modified Maxwellian velocity distribution charac- the first possibility. Considering the small size of
teristic of a 500"C beam. photoionization cross sections for Rydberg atoms

The laser beams are focused to 0.5-mm diameter by visible photons 5 and the likelihood of a
in the interaction region, are usually approximately resonant process this seems unlikely in any case.
collinear, and cross the atomic beam at right an- Thus the process must be either a collision be-

" gles as shown in Fig. 4. To vary the excitation tween two excited atoms or some sort of coopera-
volume the blue laser is sometimes introduced tive effect involving the ns, np, and (n - I )p
along the atomic-beam axis counterpropagating to states-such as superradiance. Since superradiance ""-
the atomic beam. With both laser beams crossing occurs quite easily in Rydberg-atom systems,16 it is .'-

the atomic beam at 90" the excitation volume is a interesting to consider the possibility of a coopera-
cylinder of volume 10- 3 cm 3. Typical densities of
excited atoms are - 106 cm -

The electron multiplier gain is measured to be
5 X 10 - 3, and has a specified quantum efficiency of .
30%. Including the 20 db (power) gain of the am-
plifier after the multiplier, we find that overall, (0.01
one Rydberg atom leads to - 1.9x 10- 15 C of sig-
nal. (1.

IV. OBSERVATIONS

A. Qualitative observations

Before describing in detail the cross-section 1 LI
measurements it is useful to present qualitative ob- 5o 520 540 560 580

servations which both identify the collision process tv cm

and suggest the method used to measure the cross FIG. 5. The observed 17p ion signal after population
sections. The most striking feature of our observa- of the 17s state vs dc electric field, showing the sharp
tions is the sharply resonant increase in the popula- collisional resonances. The resonances are labeled b. the
tions when the levels are tuned into resonance with m, values of the lower and upper p states.

:....?......... .. . . . . . . . . . . . . . . . . . . . .



1910 T. F. GALLAGHER et al. 25

ioooo .elements. Since they are the same to within a few
percent in this case, there is apparently no net gain

- - to establish the macroscopic dipole. P.i
_ POWER Even though, in principle, it appears impossible

- for a cooperative effect to occur we have a direct
experimental check, the time scale of the observed

c - -effects. In zero field the Nans states exhibit super-
radiance in times < 300 nsec after the laser pulse.IDCWe never observe a time delay greater than 300

(P OWERo2 nsec indicating that the relaxation times are < 300
10o nsec. When we begin to apply a dc field we find

that the superradiance disappears at 50 V/cm for
S,16s and 3 V/cm for 20s. We attribute the decrease
in superradiance in these fields, which are ten

10 times smaller than the fields in which the resonant
collisions occur, to a diminishing of the ns-(n - I )p

.- .0 M .1 .2 .4 .6 .8 1 matrix element with the electric field and broaden-

LASER POWER (ARBITRARY UNITS) ing by electric field inhomogeneities. For 27s we
never observe superradiance. In this connection it

FIG. 6. The blue-laser-intensity dependence of the
17p resonant collision signal (0) and 17s signal (0) after is interesting to note that as n goes from 16 to 27

population of the 17s state showing the quadratic depen- the wavelength of the ns --- (n - I )p transition in-
dence of the resonant signal. creases from 0.3 to 1.6 mm, i.e., from smaller than

the sample size to larger than the sample size. It
has been suggested that under such circumstances

tive phenomenon to show why we have ruled it out superradiance will not occur because of the direct
in this case. For a cooperative effect to occur a dipole-dipole interaction between the atoms. S'

1

macroscopic dipole must be set up in the medium From the considerations above it is clear that in
" and the effect must occur in a time short com- the field the relaxation times are certainly less than

pared to the relaxation times.' 300 nsec, and if the effect is cooperative it must '

In a two-level Rydberg-atom system prepared occur faster than 300 nsec. However, that is not .-"
entirely in the upper level the dipole is usually es- the case as shown by Fig. 7 which shows the time
tablished by amplified blackbody radiation. evolution of the 2 0p signal after the laser excitation
Whether or not the dipole is actually established is of the 20s state for the on- and off-resonant cases.
determined by the amplification or gain of the As shown by Fig. 7 the resonant increase in the
sample for the transition under study." Typically population of the 20p state occurs over a I-/isec
there must be a gain of - I in the sample. Stated period (determined by the sample geometry), cer-

another way, in traversing the sample a photon at tainly not in a time fast compared to 300 nsec.
the correct frequency has a probability of one of (The fact that the nonresonant signal is not zero at
inducing an atom to emit a second photon. This t =0 indicates that we are partially ionizing the
occurs when n, o - I, where n. is the number parent 20s state as well; however, this has no effect
density of atoms in the upper state, o0o is the opti- upon our conclusions.)
cal cross section, and I is the sample length. This To investigate whether number or number densi-

requirement is easily met by the zero electric field ty of excited atoms was important, we introduced
Nans states, for example, because of the large, the blue laser along the atomic beam, perpendicu-

n 2, dipole moments connecting them to the lar to the yellow laser, so as to excite a smaller
(n - I )p states. Under this circumstance the ther- number of atoms but the same number density. F"
mal blackbody radiation is amplified and estab- We found the relative magnitudes of the resonant
lishes the macroscopic polarization. In the electric and nonresonant signals to be the same. Equiv-
field case we are considering here in which the alently, if when the laser beams are parallel the
transitions as-np and ns-(n - i )p, absorption and blue laser is attenuated to produce the same initial
stimulated emission, respectively, are at the same number of 20s atoms as are produced with the
frequency, and whether there is gain or absorption laser perpendicular, the resonant signal is propor-
depends upon the magnitude of the dipole-matrix tionally much smaller. These observations indicate

-. "-. ". ". "" ","." '.',' " " " ",.......,...."......-........ .",..........-.-........"....-.. '* ., • . .. .. " "'
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, I cross section for the process, V is the sample
volume, and N, is the initial ns state population.

Equation (29) may be easily inverted to give the
cross section. In doing so it is convenient to re-

__ _ _ _ _ _place N, and N. by the signals we observe N, and
,0o ! N; which are related to N, and N, by r the12 3

overall sensitivity, given in Sec. Il1. Thus we may
write

-r _ I . (30)

0 0 0By measuring the ratio N /N 2 as a function of n
0.2 0.4 0.6 0.s we may determine with good accuracy the n

dependence of the cross section. Measurements of
(W the quantities in curly brackets give the absolute

cross sections.
Basically the cross-section measurement consists

of measuring N. the population in the np state,
and N7, the total population in np, ns, and

0. 0.4 0.6 0.8 (n - I)p states, as the dc electric field is swept
t (AA sot) through the collisional resonances. Specifically. we

FIG. 7. Time dependence of the 20p signal after the field ionize the atoms 2 /isec after the laser pulse
population of the 20s state with the two laser beams and set the amplitude of the ionizing field so that
parallel to each other. In each case the upper trace is all the ns, np, and (n - )p states are ionized, with
on and the lower is off resonance. Thus, the difference the (n - I )p state being just barely ionized. Be-
is the buildup of the resonant collision signal. The off- cause of the large difference in the fields at which
resonance signal at t -0 is from partial ionization of the the Na ns and np states ionize these two are in all
20s state. (a) A scan of -4 Asec showing the I-psec cases easily time resolved. Owing to the small
time scale of the process. (b) A scan of - 1 psec show- ce in the reld a wih the sa
ing the early development of the signal. (c) A scan of difference in the fields at which the ns and

"I ussec with the laser power reduced to 40% of that (n - I )p state ionize these are not always clearly
used in (b). Notice the drastic reduction of the resonant resolved under these conditions; however, this has
signal. no effect on the determination of the cross sec-

tions. With a 50-nsec wide gate we observe only
the np state signal, which comes first, yielding N,.

that the effect depends upon the number density of and with a 500-nsec wide gate we observe at the
Rydberg atoms as expected for a collision process. same time the entire ion signal NT from the np. ns.

"" When the above observations are considered to- and (n - 1 )p states. A typical example of a sweep
gether it is difficult to imagine that the process is through the collisional resonances is shown in Fig.
cooperative, not collisional. 8 for the excitation of the 23s state for two laser

powers. Figures 8(a) and 8(b) are recordings of

N'3,p, the number of atoms in the 23p state at two
B. Measurement of the cross sections laser powers. Figures 8(a') and 8(W), in the inset.

show the corresponding simultaneous measure-
If we allow collisions to occur for a time T (not ments of N-, the number of atoms, in the 22p, 23s.

to be confused with the collision time 1) during and 23p states, which is clearly unaffected by the
which time a small fraction of the initial popula- collisional resonances. In Figs. 8 (a) and 8(b) the
tion in the ns state is collisionally transferred to quadratic dependence of the resonant signal on
the np and (n - I )p states then the population N. blue-laser power is quite apparent, whereas the
in the np (and n - l)p state will be given by background (nonresonant) signal in Figs. 8(a) and

Nb1'iT 8(b) as well as the signal in Figs. 8(a') and 8b') is
N, V , (29) clearly linear. Figures 8(a) and 8(b) were obtained

on sweeps of increasing and decreasing field.
where U"is the average collision velocity, a is the respectively, which leads to apparent slight offsets

.7
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2.0 2.0 at least two laser powers for each state. Quantities

1.0o of particular interest are the locations of the reso-
n a nances, their widths, and the ratio of the signal N;

0.5 (b')to the signal Ni-..' Z 0 In Table I we give the values of the electric field

1.5 positions at which the resonances occur. In Fig. 9

we show the n dependence of the positions of the
(0,0) and (1,I) resonances, whose locations are

- iii given by

E(0,0)= 1.21(2)n 5- 1 S V/cm (31a)
1.0 and

2 El(l,l)=l.42(2)n * - s"4  V/cm (31b)

The field widths (FWHM) of the resonances are
given in Table II. We are reasonably confident

0.A that these widths, which are - 1% of the applied

(bi ,fields, are not appreciably broadened by spatial in-
homogeneities in the applied dc field because the
widths appear the same whether the blue laser is
brought into the interaction region parallel or per-

0 _ Ipendicular to the yellow laser, thus radically
90 io changing the volume occupied by the sample of ex-

E (V/cmi cited atoms.

, FIG. 8. (a) The population of the 23p state 2 usec Physically it is the frequency width of the reso-
after the population of the 23s state showing the colli- nances in which we are really interested, and we
sional resonances. Notice that the (0,1) and (1,0) reso- have used an approximate method, based on a
nances are not resolved in this trace. (b) The same as (a) suggestion of Cooke,20 outlined in the Appendix to w

except with 40% of the blue-laser power. (a') A record- make the conversion. The frequency widths of the
ing of the total populations in the 23s, 22p, and 23p resonances are given in Table III. The widths of
states taken simultaneously with (a). (b') A recording of the resonances are the sum of the collisional width
the total populations in the 23s, 22p, and 23p states tak- and unresolved fine structure as shown in Fig. 10.
en simultaneously with (b). Note that the I m, I states are split by Af,

in the positions of the resonances due to the time which is given by ,'.
constant of the signal averager. Where necessary
we averaged positions obtained with increasing and A f= -k '(32)
decreasing field sweeps to obtain the positions of ',-

the resonances. Data such as Fig. 8 were taken for where AfO is the fine-structure interval of the

TABLE 1. Positions of the resonances (V/cm). .

Resonance

State 0,0 O, 1,0 I,'

16s 741(15) 770(15) 781(15) 813(16)
17s 516(10) 537(00) 544(10) 566(00)
1IS 364(8) 387(8) 393(8) 405(8) ',

20s 201(4) 210(4) 214(4) 222(4)
23s 91(2) 94.5)20) 95.9(20) 100(2) %,%
25s 56.5(13) 59.0( 3) 63.1(14)
27s 36.6(8) 38.7(8)2 41.4(8)

'The average location of the unresolved 0,1 and 1,0 resonances.

.-'. -,.. - -.a.,-'.,..-. -'.' - - . .- -;- . . .,.. -. ,,€ . -.. ,, ,. ,.,•,, - . . . . . ,.
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is Is 20 23 25 27 A(1,1)-A(0,0) vs n and show the calculated
1000 I I value of Af .pp,, +Afo, , which is in good agree-

ment with the data. In calculating Af,.,,, and
At, we have used the previously determined np
fine-structure intervals.

2 '

From the previous discussion it is clear that the
(0,0) resonance is the only good probe of the colli-

sion width. The no variation of the width of the
(0,0) resonance (FWHM) is given by

g200

A10,0)=235(40)n*- 1.95(20 GHz . (33)

In Fig. 12 we plot the observed widths of the (0,0)
100 - resonance and calculated dependence from Eq.

(26). Note that A(0,0) scales as n 1-9, in agreement
with the predicted no 2 scaling, and is in reasonable

50 - agreement with the calculated magnitude.
The cross sections themselves are taken from the

ratios N /N 2. For N; we use the height of the

0resonances above the flat background signal in0.s 1.0 2.0 5.0

fl.4( los recordings such as Figs. 8(a) and 8(b). The average

FIG. 9. The positions of the 0,0 (0) and 11 (A value of N, while collisions are occurring is ob-

resonances. tained by extrapolating the observed Nj- signal
back to 0.5 p.sec after the laser pulse, the middle of
the time interval during which collisions occur.

zero-field p state and k is the amount of p charac- For the extrapolation we use the 0 K radiative life-
ter remaining in the nominal p state in the electric time,22 not the 300 K radiation decay rate of the

field. At these fields k -0.85 and 0.73 for the ns states since in addition to the ns state we detect
lower and upper p state, respectively. From Fig. the np and (n - I )p states which account for
10 it is clear that only the (0,0) resonance reflects > 80% of the blackbody radiation induced decay
only the collisional width, the other resonances of the ns state.23 In some of the higher-lying
have additional width from the unresolved fine states, at the highest laser powers used the resonant
structure. The (0,1) and (1,0) resonances should collisions were depleted the s state by 30% in
each be broader by an amount Afspp, and Afser., which case Eq. (30) is not valid and we used an ex-
respectively. Similarly, the additional width of the pansion of which Eq. (30) is the leading term. To
(1,1) resonance would be Af,,pp + Aft Iower, scaling simplify the presentation we have corrected the ob-
as n 3. Here we are implicitly assuming that served N /N 2 ratios to account for depletion and
there is no observable spin selection effect, which present them in Table IV along with the radiative
seems reasonable in view of the fact that we do not lifetimes of the ns states. The N /N, 2 ratios are
specify the spins of the s state atoms. In Fig. II proportional to the cross sections and give the vari-
we plot the difference in the observed widths, ation of the cross sections with n.

TABLE II. Field widths of the resonances (V/cm).

Resonance
State 0,0 0,I 1,0 Ii

16s 4.0(8) 6.7(14) 4.6(9) 7.2(14)
17s 3.4(7) 4.8(10) 4.2(8) 5.3(11) *

1Ss 2.7(6) 4.0(8) 3.6(8) 3.9(8)
20s 1.8(4) 2.7(4) 2.7(5) 2.4(5)
23s 1.35(501 1.45(30)
25s 0.8(2) 1.15(22)
27s 0.55(20) 0.67(140)

" ..-. i- .. '.. . .'.. .'. .'. - .'" .. . . . . . ". " . .. . "' .. . . . . . . . " " " ". ' " '"' "" " "- -"-'"
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TABLE III. Frequency widths of the resonances (GHz).
% .

Resonance
State 0.0 0,1 1,0 I,1

16s 1.11(25) 1.95(50) 1.32(34) 2.31(6)
17s 1.08(23) 1.53(40) 1.34(40) 1.70(42)
l8s 0.94(20) 1.45(35) 1.31(40) 1.52(38)
20s 0.77(16) 1.19(30) 1.19(30) 1.08(27) I1
23s 0.74(16) 0.88(22)
25s 0.50 12) 0.81(20)
27s 0.40(00) 0.51(3) .

By evaluating the quantity in the braces of Eq. dipole-dipole collisions with little contribution
(30) we obtain absolute values for cross sections. from higher multipole or hard-sphere effects. As
The values used are r=5.2x atoms/C, T =I such it is of interest from a fundamental point of
/ssec, V-= 3.5 x 104 cm/sec, and V= 10 - cm 3. We view because it is theoretically tractable and experi-
estimate the errors in this normalization to be at mentally very accessible. For example, systematic
most of a factor of 5. With the error bars of the studies of the collisional resonances involving the
relative cross sections from table IV, the observed manifold of Stark states should allow one to probe
cross sections can be expressed as the effect of varying dipole moments without

2  changing the size of the atom. In addition the
long time duration of the collision, - I nsec, and

which is in good agreement with the calculated the large dipole moments imply that it should be
values of Sec. II. In Fig. 13 we plot the observed straightforward to study perturbations of the colli-

cross sections and the theoretical result, Eq. (27) sions. For example, using microwaves it should be

logarithmically vs n*4. possible to do experiments analogous to laser-
induced collision experiments. 24 Finally we notice
that the magnitude of the collision cross sections

VI. CONCLUSION suggests that they must be considered in applica-

Ms

The observed resonant-collision process is 2 6 is 20 23 25 27

perhaps one of the best examples of resonant 20

m1 .0 ms - t1/2 1.0

p = -t I, ms  1- l,'2:tflOI_ m t - 1, ms V 12 :

z05 I
Z m, 0. m - t1/2

m 0 N 1 20

z ~1 1 2

E T FIEL FIG. 02
m1 ±~~I 1 I i i II ] 1 ZJ .

I. _________ 05 10 20 '50 ,"

ELECTRIc FIELD FIG. I I. The difference in widths of the 1,1 and 0.0

FIG. 10. The fine-structure levels in zero field and at resonances (6j and a plot of the calculated value of if,
the field of the collisional resonances. --

S...........
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ni n
16 is 20 23 25 27 16 is 20 23 25 27

20 1 1 1 1 110 I I

1.0 5.0

2.0

0.2 % .0
0.5 1.0 2.0 5.0/

n-4110/
FIG. 12. The widths of the 0,0 resonances (9). the fit 0.

curve (-,and a plot of the calculated dependence05/

0.2 /
tions such as far-infrared or microwave detection/

* requiring samples of Rydberg atoms which are
somewhat dense.2 5- 28 While at first such process- 0.1
es appear to be a nuisance, it may be possible to 0.5 1.0 20 5.0

put the effect to good use. n.
4

110
5

,

FIG. 13. The observed cross sections with their rela-
tive error bars (0), the fit curve (-,and the calculated
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TABLE IV. Radiative lifetimes, relative and absolute cross sections.

Lifetime (Relative cross section)
State (Jssec) (1 0 9 C-') (104 A)

165 4.34 1.45035) 0.78(18)
S 6.37 2.31(23) 1.25013)

20s 3.96 4.012) 2.16(66)
23s 14.0 6.0(9) 3.2(0)
25s 18.3 7.1(19) 3.8(10)
27s 23.3 10.7033) 5.8(18)

'Se Ref. 22.

4'. ..- ,..,-



1916 T. F. GALLAGHER et al. 25

states equals the energy of the s state. If &0 is the
amount by which the average of the two p state en-

no ergies lies below the s state energy, then at reso-
-nance W. = Ao. From the spectroscopy of the Na s

and p states lo-Mn* 3 where M =0.236. 30

I', Thus at resonance the average field ER must satis-

, . fy % f

n*+ n 3  3n.73 (A4) P2

(n-l"p In fact the two sides of Eq. (A4) are equal to 10%

(n-2 )~?justifying the approximation of Eq. (Al).
Equation (A3) can be rewritten for E = ER

dW, n 4E (AS.-
ELECTRIC FIELD dE Et 8p/n

3
+M/n

3
"
7 3

FIG. 14. Energy levels of the Rydberg states in an
electric field, showing the Stark shifts of the s,p, and Since ERt for the (0,0) resonance is given by
hydrogenic I > 2 states. ER _. , with Q =0.236, we can write Eq.

(A5) as
The position of the s state is essentially indepen- dW
dent of field in the region shown so we shall as- d p -
sume it has zero Stark shift. Note that thep states dE Er *P/n3+M/n* 3 " (A6)

are displaced from the hydrogenic position by an
amount Ap =8p In 3 in zero field and exhibit a We may rewrite Eq. (A6) as

linear Stark shift - n 2E at high field. This sug-
gests that the Stark shift W of a P state be wrt- dW _= $1n* (75

ten as dE Et p +Mn*

W,=(4p 2 +n'E 2 ) 2 -Ap. (Al) If we replace Mn * -0 7 3 by its average value, 0.027.

The average stark shift of the two p states may be over the range of n studied we can rewrite Eq.

written as (A7) with 3% accuracy as

WP=(4p 2 +n"E 2 )/ 2 -- 2P- (A2) d 1.33n* 6  (AS)
dE " -"

where for n' we use the effective quantum number
of the s state which lies halfway between the two p Wemi
states. The slope of this curve yields the desired as
conversion of widths from fields to frequencies. &,i'(GHz)= 1.72X 10- 3n*' 65 AE (V/cm). (A9)
Explicitly

Since the frequency of the ns-np transition is shift-
dw n4 E (A3) ed up at the rate given by Eq. (A9) while the fre-
dE - (6p/n*-3 +n*E 2 ) 1/ 2 

" quency of the ns-(n - I )p transition is shifted down
by the same rate, the width A of the collisional

We are, of course, interested in this value at the resonances is twice as large as shown by Eq. (A9).
resonances for which the average value of the ener-
gies of the two p states above and below the s A(GHz)=3.44X 10-3 n*'-' 5 AE (V/cm). (A10)

A.
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Resonant collisions of Na nS and nD Rydberg atoms
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A large enhancement in the resonant collisional energy-transfer process Nains) -,Nan i n
-Na[In - I )p]+Nainl) or Natnsl+ Na(ns)-Na(np)+Na[(n - )1] is observed when the initial ns-

state lies midway between (n - I )p and an nl state or between np and an (n - I)1 state. This reso-
nance condition, achieved by the electric field tuning of the levels, leads to large cross sections - 10'
A- and narrow linewidths - I GHz. These cross sections and linewidths are comparable to the pre-
viously observed resonant process Na(ns)+Na(ns)-Na[(n-l)p]+Na(npi. We have also ob-
served a similar collisional energy transfer starting from a completely different initial state, i.e.,
Nal5d)-Na; 15di-Nai I6f)-.-Na 15pi. In this case the enhancement in the cross section I - 10'
A- is observed at a reiativelh los electric field - 17 V/cm.

I. INTRODUCTION n*, the effective quantum number of the ns state, the
resonant collision cross section a scales as n°". Ahereas

Resonant collisional energy transfer, the process in the linewidths A scale as In*) Recently, the use of a
which one atom (atom A) loses as much internal energy as microwave field to resonantly enhance the collisional ener-
another atom (atom B; gains, has long attracted consider- gy transfer between two Na atoms when the collisionai de-
able interest.'- Recent revival of interest in this fect A W is nonzero has been reported.
phenomenon stems from the asailability of tunable dye Here we report the result of our effort to generaliie and
lasers and the ability to selectively excite a large number extend the capability of the electric-field-tuned resonani.

. of atoms or molecules. Recentl the term progression in collisional energy transfer to include Rydherg s:ttc, other
the atomic Rydberg series was used to match the transi- than the s and p states of Na. In the present work %%e iook
tion energies of two species. By varying n. enhancement for resonant collisions between two Na atom, Ahos n-!-
in the cross section for the transfer of energy from the tial or final states differ from the ns and np or -? - 1 p
Nainl Rydberg states to the vibrational transitions" of states, respectively. The relative size of the reonant-
CH4 and CD 4 and the rotational transitions5 of NH, have collision cross sections for the different initial and final
been reported. More recently, the electric field tuning of states is also an important check on the dipole-dtpr,, in-
the Na Rydberg states has been used to resonantly teraction model for these collisions. For instance. %%e oh-
enhance the collisional energy transfer process' - serve electric-field-tuned resonant collisions of the t. pe

(ns) + (ns) (npI- -(n1) or (ns I-t(np) -(nlh-.[ n - I P..-.
(ns) ans)-.np)+ [n - lip] . where one of the final states is a nl state ( I > 2). While I is

not a good quantum number in an electric field it still
Sharp resonances representing large transfers of popula- serves as a convenient and unique way to label states 'see
tion to the np and (n - I )p states from the initially excited below). We have also observed a large enhancement in the
ns states were observed at certain values of the static elec- cross section at relatively low fields (approximate 17
tric field. These sharp resonances occur when the laser- V/cm) for the process t l5d1 t d-(lfi-( l 5p,. in
excited ns state lies midway between an upper np and a which a collision between two Na(15d! atoms results in
lower (n - I )p state,6-7 causing the process (ns)--(ns) one atom being excited to a 16f state and the other dce\-
-[(a -l)pJ-(np) to proceed resonantly because the en- cited to a 15p state. We find that both the cross sections
ergy lost by one Na(ns) atoms exactly equals the energy and the linewidths of these resonant processes are conipar-
gained by the other colliding Na(ns) atom. able in magnitude to those obsered for the nos familiar

The resonant-collision process represents a classic ex- process (ns)+(ns)-[(n - I (p1-np).
ample of a long-range electric dipole-dipole interaction be- While a detailed account of the resonant-collision phe-
tween two atoms. Since the electric dipole moment be- nomena may be found in Ref. 7. it is worthwhile to con-
tween the adjacent Rydberg states (the dipole moment be- sider a simple physical picture of the collision process
tween is and ap states, for instance) is large, approximate- here. The energy-level diagram of two colliding atoms

* ly n2, where n* is the effective quantum number, this (which need not be of similar species) is shown in Fig. 1.
strong interaction at resonance leads to a very large col- The relevant energy levels are IA ) and 24 ) for a,.)m .4
lision cross section, approximately 109 A2 (for n=20). and IB) and 21) for atom B. The pair of states i.4l
Furthermore, this collisional interaction is very long and i2,4 ) are, in principle, any pair for which

- ranged and gives rise to resonances which have very nar- (2A ju i IA ):*0, where ju is the electric-dipole-moment
row linewidths (approximately I GHz), which implies ap- operator; this applies similarly to IB) and 2B ). As-
proximately I-ns-long interaction times. As a function of sume for simplicity that atom B is fixed. Atom .4 moving
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28 RESONANT COLLISIONS OF Na nS AND nD RYDBERG ATOMS 2677

ATOM B s and p states but instead any pair of states connected by a
t2B> reasonable dipole moment. An additional requirement for

the resonant-collision process, in fact the most basic re- l -

quirement, is that the condition W14 - ' = 9"S - "':f
be satisfied at some value of the electric field. Figure 2

ATOM A shows one of the several pairs of states for which these

18IA> two basic requirements for resonant collisions is satisfied.
For instance, as shown in Fig. 2. we consider the pair of

states IA)= IB)=20s, .24)=19p I m =0. and

i 2B ) =(n= 19,1= 18). To simplify the notation the mani-

fold of Stark states shown in Fig. 2 'solid lines) near lQd
12A> (long-dashed line above the 20s state' is labeled by the n.!

FIG. I. Simplified energy-level diagram considered for the quantum numbers. Although I is no longer a good quan-

resonant-collision process. Atoms A and B (which could even be turn number in presence of a static electric field. the linear

* of different species, have energy levels IA ), 2A and Stark states are adiabatically connected to the zero-field

SIB), 2B), respectively. These energy levels are tuned ni! m I states in a unique way. For instance, the Stark

(Stark-shifted) by the static electric field. The resonant-collision state with the lowest (highest, energy in the manifold is

cross section is greatly enhanced when the energy separation of adiabatically connected to the zero-field state with the
the two levels for atom .4 equals that for atom B. Note that in lowest (highest) I. Similarly states that fall between the
the present experiment we always have W,4 =WA. The two extreme members of the manifold are adiabatically
resonant-collision process. in principle, onl% requires connected to the zero-field states with intermediate value"
Wi- W 2.= W-a- WIa (see text). of I. The state with the highest energy in the n = 19 mani-

fold (see Fig. 2) is therefore labeled n = 19,1 = 18. In the

above example AnI (l 9 p p 20s ) 200 a.u. is quite

with relative velocity v and viewed as a classical dipole large. Although the dipole matrix element j connecting

with dipole moment y = (2A ,/y IA ) produces an oscil- 20s to the n = 19,1 = 18, 'm =0 state of the Stark mani-

lati field fold is zero in zero field (dipole selection rule), it can be

tng quite large when a relatively low electric field is applied.

Pt For instance, calculations show that p, 80 a.u. at
E - cos( WIA - W24 )t/ E=300 V/cm due to the Stark mixing. Calculations of

at the site of atom B, where W,, ( Wz_ I is the energy of the Stark shift (see Fig. 3) show that the resonance condi-

state IA t2A) in the static electric field and R is the dis- tion for the process (20s)+20sI--19p)-n = 19,1 = 181

is satisfied at E=268 V/cm. Here 'm =0 for both the
tan e tee the tm. erenance. i is whn final states. Using the calculated value of p- 80 a.u. (at
stant andt is the time. At resonance, i.e.. when 268 V/cm) and uI= 2 00 a.u.. we obtain aE_ 10' A2. This

(WIA - WZ')-( W2f- WB)=AW=0 , cross section is comparable to the cross section for the
process (20s)+(20s)--(119p)--20p) and is easily ob-

this dipolar electric field of atom A drives the IB) served. Similar calculations for the general process
- 2B) transition in atom B. This transition probability (20s)+(20s)-(19p)+(n =19,1) or (20s-(2Os)-. 2Op)
is unity if Eip2T/h I, where p2= (28 t 18), and is + = 18,1) show that the cross section is quite large, ap-
the effective collisional interaction time. We may approx-
imate -r by b/v, where b is the impact parameter. At reso-
nance the collision cross section is then given by 29C -- -- .

while the collision interaction time is ----------. -- -_ --

As a specific example consider the previously observed
resonant-collision process (ns i - ns) - np (n - I )p.

" We have IA)=n., IB)=n. 24 =np m = o",
and 'B) =in -ip m =01 To calculate the
resonant cross setilr %e use It =.-0,bn ' iRf. o FQ. " NEq .,1 n , ,,[ it:2.2I , -tc-. 1e id::rvn o ? - o.fN ,i,1
Eqs.. I, and '2,. F:,r i .,. r .10 and the linewidih t ,Cilt\ O! ih. 20, statv .i- : iu tm nott o! :,'tr i. ,.
is aprtroximatelk . J,l to 1 GH7 Such larLe cross scu- arS Ch ;, thL. ,h r',,-.I. nes. ilOJmzJ!>.Li'h.
tion- rvsult from !t- ar :e dirpo: moments associat..d witli represent in, -ta,, th'.h.: tfe a slate, al. !'.r'cnlc& ,. -

the P.\Jierg transiti.,n, it thi, .\aiple between th: lin eers-n .-,an l Ine,. 5 iij lines are Sij' , v 5 , l . "

and thc ,: - l p an tp sta'e,. rPspe,,',e , ,. As remarked For inarLte. Ohc m;inifokd i: solid lines between ihe 20p and tih,

earlier, the initial and final collision states need not just be 20.s states tndi aied ablve are states of n I Q and " I 1 18.

&I.'~

- - .""-
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Char,

HV Ion Recordef

ion ____

Mull~pher SOscar

Co~mai ~ IFf Pulse

.. L z L Na Beam *

Na Oven F~i 17
2..ase' Ream

-. - -FIG. 4. Schematic of the experimental setup used in this ex-
periment. Two dye-laser pulses which produce either the us or
the nd state cross the effusive Na beam at right angles. A 0.3-

FIG. 3.m1 =0 tates s-nsetime-pulsed field ionizes the atoms selectively and pushesr
FIG.3. m =0 tate ofNa ne::r the 201 state, similar to the ions through a mesh into an ion multiplier. Static %oltage: is

Fig. 2. but shown in greater detail. F,rit 'erfical dashed lines on apletoheuerltehieheow ltesgond.
the left shows the 1.4 )and 28) states for the resonant pro- Signal from the ion multiplier is amplified and averaged b% a
cess '2Osi-.i(20si-.il~pl-i2Op'. Second vertical line corre- PAR boxcar averager and finally displayed tin a chart recorder.
spornds to the 2.4 )and 28B states for the newl% observed col-
lision proces 20s 1-i(20s'- 19p'i-,?I = 19,!= 18'. Solid linePi
.just below the 20p l 9p s state corresponds to n = I c.~ 1S

n =18!- 'lStark state 'see text . Initial collision states straightforward to resolve not onls, the initially excited Pio
1.4 1 and B )in all the case, shown in this energN-level dta- and the final nif states but also the different rnj Lcom1 -

gram are 20s. Third and fourth vertical lines iai higher fields' pontents of the final ni state. The atomic beam is collimat-
correspond to the resonant-collision processes 20.s-20s, ed to 0.4 cm diam. in the interaction region. while the
-. '19p -n=1I 0Q.i11 7 iand '20s,'-'2Osi--20p-.-'n 18,1 laser beams are focused to approximately I mm diam

=17 j, respectively. The effusive Na atomic beam is produced froim a resite-
ly heated oven. The oven temperature is :-z500'C. The
atomic density in the interactiov region is, approxiinatel\
l01 cm- 3.

proximatels, 10-100 A . and the resonances oc:cur at suc-
cessi vely higher electric fields. III. OBSERVATIONS

Finally we consider the proce-ss (nd'- pid [n .

I'lfI - Inp I in which the initial state is not: an vstate. A. Resonant collisions of Nai20s atoms ,.

For n=15 using pl= 2 1 a.u. and p.,=70 au.. we get
or- 10'A from Eq. (D. For this example the resonance W is ecietersratcliin poe.
condition is obtained at a relativelt, low field of I-V V/cm. (20si 20s -i l IQp,~ -lIPI or .20% .- 20s -20p

-(1i8l). Here and throughout this paper i is used as a la-
II. XPERMENTbel for the energy eigenstates to sirnplifN the notati.*ii ,ee
If. XPERMENTabove). Although we have obsersed the .resonant co'llision

While the details of the set up may be found elsewhere,- process from other ns states li = !S-'4i we describe here
we describe the experimental arrangement briefly here. the observations made with the 20s state. Resonant :,)I-
The experimental arrangement consists of an effusive Na lisions between Na atoms in other its -states - = 8-4
beam which crosses the dye laser beams at right angles be- give qualitatively similar results. Figure 4 shows the trace
tween a plate and a grid ' see Fig. 4). A Quanta-Ra,. of the ion signal which represents the population :n the
Neodium: yttrium-aluminum-garnei :Nd:Y'AG- laser is 20p state or the 191 state as the static e!ectni: field is in-
used to simultaneously pump two dye lasers. The first creased. The three resonances on the left-hand sidt: are
dve laser 'yello%% laser' pumps the Na 3s-3p .,~ transi- the collisional resonances obsersed in the earlier %sork and
lion iX =5890 A), while the second dye laser iblue laser, correspond to the n~s state lI.ing rniidwaN 'het%%een the tip
pumps the 3p-,,:-nsindi transition. Both dye-laser beams and the in - l ip state. In Fig. 5 the second !eaturc on ithe
are linearly polarized parallel to the applied electric field, left-hand side consists of two unresolsed resonriazcvs !see
Electric field tuning of the energy levels is achiesed by ap- belowi. Thus the three features on the left-hand side in
plying a variable static voltage to the field plate. A field- Fig. 5 correspond to the four resonances Identified beiklw
ionizing pulse frisetime -=0.3 usi applied I p% after the and in Ref. 7. The sharp increases in the Ion current%
laser pulse selectively field-ionizes the Na atoms and ac- represent large collisional transfer, to the: :0p state. Since
celerates the ions through the grid into an ion multiplier, the 20p state and 191 states with high ' field ionize at a
The signal from the ion multiplier is amplified -typically lower field than does, the initialls exciteoI -'.s state, we set
by a factor of 10) and fed into a boxcar aserager [Prin- the amplitude of the field-ionization pulke so that onl\ the
ceton Applied Research iPAR, Model 162]. The otput 20p and the high-/ states of the n i 19 nianiold art: iield-
of the averager is recorded on a chart recorder as the stat- ionized. In this %a5 we obtain a signal otily if the atoms
ic electric field on the plates is slo% 15 increased, end up in the 20p or the nearb% high-/ states of n= 19

We use selective field ionization (SF11 to detect the ini- manifold. Note that the in, = 0 and I splitting of the p
tial and final collision states. With the use of SF1 it is states leads to four resonances. We label these resonances,

-% - a . ----------------..- ,- - - -
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1 1 The sharp increase in the ion signal, as before, represents
the large transfers of population into either the 20p state
or the high members of the n = 19,1 >2 manifold. Since
the field-ionization thresholds for the 20p and the higher

energy state of the n = 10 manifold are almost identical, it
SI is frequently difficult to distinguish between these state%

using our experimental detection scheme. However. we
, ,can accurately calculate the Stark shift" of these states

and assign two unique initial and final n.1, ml labels to

- v each of the sharp resonances seen in Fig. 5. For instance,

~ j ~'the first resonance (at E=255 V/crnl on the high-field
- J'IA ' ' side of the previously observed resonant-collision reso-

k : nances is labeled [(I9,18,0;19,1.0,19.18,1;19,1,01]. Again.
-,the pair of resonances in the square brackets indicates that

these resonances are experimentally unresolved (see Fig.
*FIG. 5. Plot of ion current as a function of the applied static

field for the Na atoms initially excited to the 20s state. Sharp Table I shows the calculated positions of the four high-
resonances show the large transfer of population into the 20p field resonances seen in Fig. 5 in terms of the static dee-
state or the high-/ states (1= 18 or 17, or the n=19 manifold.
The atoms are detected by applying a FI pulse I jus after the tric field. Similarly the resonances observed at even

* laser pulses, and the amplitude of this pulse is set so that only higher fields (see Fig. 6) can be assigned a pair of final
states with n*=19 or higher are detected. First three reso- n,l, inm' states. It is clear that at higher fields some of
nances on the low-field end represent the resonant-collision pro- the resonances overlap. For instance the resonance seen in

cess (20s)+(20s)-(19p)+(20p). Four peaks on the high-field Fig. 5 at approximately 278 V/cm is in fact composed of

end are the newly observed collisional resonances. Note that four unresolved resonances. In some cases we can verify

each of these resonances seen at high field are in fact composed the calculated ; m, : assignment of the resonances by us-

. of two or more overlapping resonances. For instance the reso- ing the fact that states with different im1  have slightly
nance observed at 255 V/cm are labeled (19,18,0;19,1,0) and different SFI thresholds." For instance Im = 1 states
(19,18,0:19.1,1) (see text for the n,l m, labeling convention in the vicinity of 20p have a field-ionization threshold
used here). which is approximately 4.5% higher than that for

Im, I =0 states." The : mt 1  labeling of the first few col-
by the pair of n1 i mi. values for the lower and upper lisonal resonances is experimentally confirmed in Fig. 7
states. At this point we note that experimentally we only where the solid trace was obtained at a peak SFI field suf-
observe the transfer of population to the upper state (state ficient to field-ionize only the im1 , =0 component of the
with the higher energy). We assign the other final state 20p and the nearby high-i states of the n= 19 manifold
involved in the collision process by calculating the Stark (E=2.2 kV/cmi. The broken trace in Fig. 7 was similarly

shift lo of the relevant states. The resonances recorded in

Fig. 5 are labeled, in the order of increasing field, as fol-
lows: (19,1,0;20,1,0), observed at 202 V/cm;
[(19,1,1:20,1,0) and (19,1,0;20,1,1D] observed at 212 V/cm;

and (19,1,I;20,1,1) observed at 223 V/cm. The square
brackets indicate that the two calculated resonances con-
tained inside are experimentally unresolved. The pair of
three numbers in the brackets corresponds to the -
n,I, 'mi quantum numbers of the two final states in- 1,
volved in a given resonance. For instance, the first reso- T
nance in Fig. 5 is labeled as (19,1,0;20,1,0) where

IA)= IB)=20s=(20,0,0, 2A)=(19,1,0),and 2B)
=(20, 1.0). 0_
As the static electric field is increased beyond 250 z

V/cm (see Fig. 5) additional sharp resonances appear. 2

These resonances indicate a large transfer of population

into either the 20p state or the high members of the
19,1 > 2 manifold. The blue-laser-intensity dependence

of these resonances (at lower laser power) shows that the
obsered signal is quadratic Ito within : 10%1' in laser in- ___.______

tensity implying that the observed resonances are col- :8: : - ..

lisional signals involving two Nains atoms. At suffi-
cientl h'igh blue-laser power some of these resonance,, be-
come saturated and the resonance signal no longer in-
crea.,!- as the ,quare of the laser intcnsity. Collisional res- FIG .... .I',,:, re : . I , th
onan, ,, nbscred ai even higher fields are shown in Fic. 6. 20, atm-

L
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TABLE 1. Calculated and observed positions of the resonances in terms of the applied dc field
(V/cm . Errors shown are typical and represent the statistical uncertainty in the data.

Electric field (V/cm)

Resonance Observed position Calculated position

(20,1.0; 19, 1,0 
202(3) 

202 
0,

(20,1.0;19,1.1) 212' 210
(20.,1.19,1.0) 213.7 ' .

(20,1,.1 19. 1, ) 223(3) 222.8

(19,18.0;19,1.0' 255' 253
(19,18,1:19,1,0) 255

(19,18,0,19,1,1) 260' 260
119.18.1;19,1,1) 262

(20.1.0;18,17,01 277
119.17.0: 19. 1,0) 278 ' 278 --

(20,1.0;18,17,11 279
(19,17,1;19.1.0) 280

(20.1,1;18.17,0) 286
(20.1.1:18.17,1) 289' 288
(19.17.0;19,1,1) 287
(19,17.1;19,1,) 289

'Average location of the unresolved resonances.

obtained with the SFI amplitude set to detect ;m1  = I detected ion pulse. This temporal resolution of the
component of the upper state (E > 2.3 kV/cml. While set- m, =0 and I components of the final states results
ting the field-ionization (F!) pulse amplitude to detect the from the finite risetime of the SFI pulse (risetime -0.3

m, = I component of the upper state does not preclude ps) whereby the states with lower SF threshold ioniz,
detection of the in, =0 components which have lower earlier. Comparison of Figs. 5 and 7 indicates a resolution
threshol , we have recorded the in, = I component in of the resonances in terms of the final n 1  quantum
the broken trace by using the temporal resolution of the number. For instance the solid and broken traces in Fig.

7, which indicate the m, =0 and I resonances, respec-
tively, show that the resonance observed at E=255 V/cm

I in Fig. 5 is in fact composed of two partially overlapping
resonances. This experimental observation is in agreement
with the calculated positions, as indicated in Table 1. Res-
onances with overlapping final states with the same n 1
cannot be resolved in any straightforward manner. In the

; above discussion we have implicitly assumed that the

.Ft ; quantum number of the final collision state can be
0 or 1. This assumption is reasonable since the dipole-
dipole-interaction model for these collisions leads to the
selection rule A n =0 or 1, where A Pn, is the differ-

J ence between the 'ma values of the initial and final col-

lision state. Since we start from m, =0 ns state, the fi-

".. nal states must have , m, =0 or 1. We note that the cal-

S,2 20 culated cross sections for the higher-multipole process is

VC -, To show that the results presented are representative we

show in Fig. 8 collisionai resonances between pairs of Na
FIG. 7 Plot of ion current (solid tracei similar to that %[!own atoms initiali, excited to the 22s state. The resonances

in Fig. 5 except that the SF1 is set to detect onl. the P- ohia'ncd her arc evidentlN qualitattvel. similar to those
component of the 20p and the nearb.> n= 19. high-; 2tat br, - obsc.- d %10i 2J.; statc des,- ;bed earlier. The first four
ken trace is a recording of the rn1i I final states: discr,i.: r.. ,t' on the iou-tield sidt correspond to rh.
ton is based on the temporal resolution of ion signals ftm i , .7 2.... 2n .. 21p, the second ami third

m, 0 and I states, ee text, rc. . . rc-,lset as in Fig. .. Sharp rc'solnalce-

-n
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quency of the blue laser (the Stark shift of the 3p-:l level
is insignificant at fields of less than I kV/cmi to ensure
that the transition frequency lies with the laser bandwidth
(approximately 0.3 cm-i. For instance, the 20s state ex-
periences very little Stark shift up to relatively high fields
hand, experience significant Stark shifts. However in the- I..(0.3 cm- ' at 0.4 kV/cm). The nd states, on the other

. specific case we have just considered 1 Sd). the Stark shift
of the 15d state at 25 V/cm is much smaller than the laser
linewidth. We note that calculations show that a simlar
resonance condition does not occur for the 16d state ir

FIG. S. Plot of ion current as the static electric field is in- higher-n states and none is observed experimentall%.. Fi-
creased. showing the collision resonances for the Na atoms ini- nally we note that the calculation [Eq. 1,] she'.'.. that

*. :iall% excited to the 22 state. Amplitude of the SF1 pulse used both m =0.1 15d states contribute rughl% equally to ..
to selectr. elv ionize the Na atoms I us after the laser pulses is this collisional process.
set so that only atoms with n* =22 ionize. The first three sharp
peaks at low field) correspond to the process V. DISCUSSION
22s, - 22s- : :. - - 2 1p), while the subsequent peaks are due

to enhancement in the collision process 22.-__s 22s-21.0 Since extensise measurements of the ,- n. p
- n =2'1./=- ' 1 r 22--- 2 - 22p 20.1 = - -[ ( l)p] resonant-collisiont cross sectuon h;a% bzi
Note tht. similartii to Fi 5. which is essentiall. the same but reported previousl). we can estimate the :ross se,'tions i,'ri
startini at 20s. these new resonances reported here b% comparit-i the

magnitude of the ion signals for the %arous nil t? final -

states. For instance, the cross section tot th- rcotianc,-
119,18.0:19,1.0) at E=255 V/cm in Fig. 5 resultingitram

seen at higher electric field correspond to a large transfer the in =0 collision process '20 -,20s -

of popuiaion either to the 22p state w;hich corresponds to -In = 19.1 = 18 can be estimated b- :orrparn- i: t!orthe resonant-collision process," ,b.th eatcs-- -- 22p n signal at 213 V,'cm corresponding to the conance
1.,7 or to the n =22=b state which corresponds to the 19,1,0:20.1,0,. From the presious mea-urenei.z of "he

Process 22- s .- _ ?t21pi-(n =22,1,. In the dipole- cross section for the resonanct I:.i.:20. l',,-
dipole colsiin model the m, value o' the final states matel 2 - 10" X-! 'Ref. 7 .%.e estimate ne cry',, '.:tt-
can again be either 0 or I. for the I 19.18.0;19 I.0 resonance to be .ipproxn:,..:c. >.

A-. .,
IV. OBSERVATION OF Na(nd) -+ Naind 1

-. Na[ in - I)f] - Na(np) RESONANT COLLISIONS

While all the previous observations of the resonant col- -_ ""_
lisions were with Na atoms initially in excited ns Rydberg "
states, there are no fundamental limitations to the use of

other R~dberg states. For instance, at relatively low fields
approximatel. 17 V/cm the process ?15d)-115d; .Qti' , .
-- 15p - 1P becomes resonant. This process is con- .T,. ¢ #.'t

firmed h% our observation of a sharp transfer of popula-
tion into the 16.' state as shown in Fig. (. The SFI pulse
amplitude in Fig. 9 is set to detect state, with n* - 16 or
higher and therefore atoms in the laser-excited 15d state
are no! detected. Only atoms with final n - 16 (for in-
stance '6d or 161 are detected via the ion multiplier. At
zero ele iric field 'see Fig. 9, a very small nonresonant
black-bod% -radiation-tnduced signal is obsersed.U- Large FIG 'I Plo , the on current repreentn: '
ion ,ignals are observed when the electric field is set the 9 state o i urren tark seri.in-h, ........oi

around 17 and 23 V/cm. From the Stark-shift calculi- electr field. Atom are inintalk excited ' ,, ,i 4 :it. \,-lions it is clear that at low fields the only resonance condi- plitude of the SF1 pulse is set to toic . Io:, . - i r

• tion occurs for the process ( 15d) Id-I 1f/ -I 15pt. Sharp drop in the ion current near Et I, ,f u , ;.icr- nt-
. i.e.. the 15d state lies midway between l6f and 1 5p. Ing blocked front the atoms. Unstructured na.iiw,. dut: i

- respecti ely. The fine-structure splitting of the 15p state black-hodo -radiation induced tratismon, t ,i i ;ti_ :
results in the two resonances observed at 17 and 23 V/cm, pumped lSd state into stales %ith #i .1l. *-harp ;iit in :h,
respectively. At this point it is worth mentioning that for ion current and henct the population in tht- '.t. t. .i: ,:. - "
Na observation of resonant collisions with ns initial states V/cm occurs when H'q - W'd = 1 I' - if' ' and re'il, in J5-
is much easier than it is for other initial states. This is be- resonant -coll is ion process 05ld-15 (d- - if'- . p The
cause as the electric field is changed the Stark shift of the pair of resonances seen in this trace is due it) the fine-structure
initially excited state necessitates the change in the fre- splitting of the 15p state.

'.:'?.? 2!  ' .'. .. ..". ..".. , ,. . .. •... .... ... . ... " 2---,
- -'* .. - ',-,-,-,' -- '- -:-."-- . . .. ... ..--.,:.: ., : .: -. A..
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Since the theoretical calculations of the resonant col- It is worth mentioning at this point that the obsersec
lision have been described in detail elsewhere," we shall n* dependence of the s-p resonant collision process follo +s

* onl. quote the important results here. The cross section the n* behavior predicted by the dipole-dipole- intera.-
for the resonant collision process , i ) - i ) - f) + f') tion model calculation [Eq. (3)] quite well. The calculate.
between t%, atoms in an initial state i ) and final states cross sections are, however, only approximately 0.2 tim-.
f) and f') is gien in a.u., by as large as the absolute cross sections observed i. Re:. --

This discrepancy is most likely due to inherent uncertain-
4.6u )p ' (3,

. .- ' .ty in the determination of experimental parameters lijc
where p =(f M i). /:=(f'!/ ), t=0.34(8kT/ atomic number densitN or relative velocity: it is also pos,- r

is the mean relati-,e velocitx between the two ble that the cross section averaged over the relatie veloc - -

atoms. m is the reduced mass, k is Boltzmann's con- ty which has been ignored in the calculation leads to a d!.-
stant. and T is the Na oen temperature. Equation (31 is ferent normalization for the cross section. In the presen"
obtained b,, performing the classical trajectory calculation work, however, we are mostly interested in obtainin in,-
for the collision proces which results from the resonant relative cross sections.
dipole-dipole interaction between the two atoms. From Finally we hase also observed resonant coilisins be-
our calculations of Stark wave functions'( for the Na 'tween two Na atoms with I > 2. The Na atoms are initia-.
Rydberg states % obtain ,' ( 19p y 20s ) =200 a.u. ly excited to an nd state and subsequentl excited to an t:.'
and ja=,-n = 19,1 = 18 P 20s )=80 a.u. for the state by applying a microwave field in the presence of a
(l9.18,0;l9,.0 collision resonance observed at 255 V/cm small static field (approximately 20 V/cm). Resonant co*-

in Fig. 5. For the (20.1,0:19,1,0) resonance, P =Pl2=200 lisions between a pair of laser-microwave-excited atoms
a.u. The calculated ratio between the cross sections for then result in one of the atoms being excited to a state
the (19,18,0;19,1,0: and (20,1.0:19,1,0) resonances is there- with n n - 1. Since the F1 threshold of the final state
fore approximately 0.4. From Fig. 5 (and other similar following the microwave transition and the subsequent
data not shown here) we see the observed ratio is approxi- resonant collision is much lower than that for the initial
mately 0.4 (see also Table II). As stated earlier, the reso- laser-excited state, using the SFI technique. we can detect
nance at approximately 255 V/cm in Fig. 5 is actuall) the final state with a high signal-to-background ratio. We
composed of two superimposed resonances (19,18,0;19,1,0) have in fact observed microwave transition from the 18d

and (19,18,0;19,1,1, respectively. In the preceeding argu- (and 16d) state using the resonant collisions. The
ment we have assumed that the cross sections for the two 18d - 181 (1 > 21 transitions occur as the microwave fre- , ,
unresolved resonances are equal. Calculated cross sections quency is swept from 12.4 to 18.0 GHz in the presence of
of some of the high-field m ra 1 =0) resonances and their a 20-V/cm electric field. These microwave transitions are
ratio compared to the lowest-field resonance, the easily detected with the SF1 amplitude set to detect states
20,1,0;19,1,0) cross section, are listed in Table II. As with n- 19.

shown by Table II the magnitude of the cross section de- From the above discussion and from Figs. 5 and 8 it is %

pends directly on the product of the dipole matrix ele- clear that the newly observed resonant-collision process
ments, not on the geometric size of the atoms which is (ns)+ns)-(np)+[(n -l)1)] (or (ns)--(ns1-[n -lip]

roughly constant for all the cases listed in Table II. Con- +nl)) occurs quite generally and has a large cross section.
version of the electric field scale to the frequency scale in- approximately 10 A, at resonance. As can be seen from
dicate that the widths of the newly observed resonances Figs. 5 and 8 these resonances are easil% obser'ed. As
are approximately 2 GHz (see Fig. 5) which is comparable shown here the large cross sections and narro. linewidth"-
to the width of the previously observed lower-field reso- observed are largely due to the long-range dipole-dipole
nances. interaction between highly polarizable Rydberg atoms.

TABLE 11. Calculated and observed cross section for resonances with both final states, with
m, =0 and their ratio R %ith the lowest-field 20,1.0:191.0) resonance cross section. Numbers in

parentheses represent the statistical uncertaint% in our data. %

Ratio relative Ratio relatis\
to calculated to obser'.ed

Calm,.atcd .ross, cross sectio' or cross section foi -

Res ',r .d se u t(, A 211.1,0:lQ.( .0 2f 1,0:;V 1 .)

. . 0. t ).'0.0

I Q. I ..1.0, .1- 0 ... ..' ; ._-
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The large collision cross section and the long interaction interactions between two atoms are also feasible. Such ex-
time (approximately I ns) opens up the possibility of ob- periments are in progress.
serving microwave-assisted collisions similar to the one
observed recently for the process (ns)-+(ns) +h v

* -(np)+[(n -I)pj. It is quite feasible to observe ACKNOWLEDGMENT
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